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CHAPTER I, THTRODUCTION

A. PURPOSE, SCOPE, AND ARRAIOGEMENT OF TIE MANUAL

1. Purpese and Scope

The Redox Technical Manual has been prepared to provide a documenta=
tion of the fundamental technical bases for the process as well as a dem
scription of the gerieral features of the Redox production facilities at
Hanford Works, The manual is intenced for use as a means for training
and educating personnel unfamiliar with the process and as a process hande
book and reference for the use of personnel responsible for the operation
of the plant,

| The maﬁeriai‘cpnﬁaiﬁéd'iﬁ,ﬁhis'mahualtwﬁs assembled by members of the
Chemical Development Section,Separations Technology Division, between
September 1950 and April 1951,

24 Arrangement

‘The manual is divided into five parts and an appendix as follows:

Part.. .... ... L Mtle
I , : Introduction
R Process
4 . . Plant and Equipment
v ~ Process Control
R ... . Salfely
CAppendix A .. .. .. .. Nugleonics

Part I contains a summary of general information on the plant and
process, designed to provide the reader with a synoptic view as an aid in
understanding the subsequent parts,

- Part’ IT contains a step~by-step description of the'process with
statements and discussions of the seientific and engineering principles
involved, and outlines of procedure, including remedies for any off-

gtandard conditlons,

‘ Part: IIT describes the plant layout,’ equipment arrangement, and i
dividual equipment pieces.

Part IV describes the instruments and analytlcal methods used for
process control. Co oL : _

Part V describes process hazards and the methods used to safeguard
against: them, : C '

The appendix contains some nucleonics background information, de=

signed to help orient the reader in thislcomparativgly'new‘field.
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Zach part contains one or more chapters, A total of twentywfive
chapters is included in the five parts, Pages are numbered to designate
the chapter'number'(i.e., Chapter I paze numbers begin with 101, Chapter
II with 201, etc.), A table of contents is listed on the first page of
each chapter, Figures and tables are located at the end of each chapter
and are numbercd in one serics for cach chapter (e.g., Table I=l, Figure
I-2, Figure I.3, etc, ), References to material containing more detailed
information on specific points are listed at the end of cach chapter,
Just before the figurcs and tables,

A subject index, in alphabetical order, is included in the back of
the manual for quick refercnce to specific points,

B. FUNCTION OF THE PLANT

i. Degigg_Basis

The function of the Redex Plant is the recovery of plutonium and
uranium from uranium slugs irradiated in the Hanford piles, The funce
tion involves the separation of plutonium and uranium from cach other
and from the radioactive fission products formed in the slugs, This is
accomplished by a solventecxtraction procoss,

The plant is designed for an avérage Uraniunm production rate of 1
to 2,5 short tons per day and an average plutonium production rate of
grams-per day, The maximum instantancous production ratcs used as

¢ design basis are based on an assuned 8@%'operating time efficiency,
l.0., 205 down time for repoirs, maintenance, ote, Thus the maximun
instantancous desig production capacitiss arc 3,125 short tons per day
for uranium and grams per day for plutoniur, Actual instantancous
plutonium production ratcs as high as grams per day (at uranium
production ratcs of up to 34225 short tons per day) may be attainable
with minor modifications of operating procedure; and rates as high as -
i tons of uwranium and LE0Q grams of plutonium por day may be attainable
with some relatively miner equipment revisions, (1)(2 '

The plant is dusigned to rocover at least 98 to 99% of the prlutonium
and uranium in the irradiated slugs proccsscd,

2. Fecod Matcria%

The feed to the Redox Plant consists of irradiated uranium slugs
from the Hanford piles, The slugs are uranium cylinders b,00 inches
long and 1,36 inches in diameter, encased in thin aluminum jackets or
"cans®, Between discharge from the piles and entry into the Redox- Plant
these slugs are stored for about L0 to 90 days to permit Weoolingt,
i.es, radicactive decay of fission products, As received in the Redox
Plant the irradiated Slugs have a plutonium content of about (380 tg
grams per short ton of uranium depending on the number of megawatt-days
of pile irradiation received by the slugs, The beta radicactivity due
to fission products in the slugs is 0,1 to 0,5 (theoretical) curies per
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gran oft uranium, and the gamma radioactivity 0,07 4o 0.l curies per gram,
The exact specific radicactivity of the slugs is a function of their
irradiation and "cooling" history. The specific beta and gamma radio=
activities of sluge irradiated at 400 megawatts for 250 days and then -
"eopled™ for 50 days are respectively 0,1l and 0,10 (theoretical) curies
per gram.of uraniume The slugs are described and discussed in greater
detail in Chapter IT, : : : =

3, Plutonium Product

The final plutonium product of the Redox Flant 16 a plutonium nitrate
solution containing approximately 10 grams of plutonium per liter and LOO
to 600 grams per liter of Iree nitric acid, The maximum uranium and radice
active Tissioneproduct concentrations in the recovered plutonium sclution,
while not firrly established at the time of this writing, are expected to
be approximately as follows: ’

Uranium’ 0.1 weight per cent of the Pu metal
Beta plus gamma radioe 8 x 10~5 (theoretical) curies/g. Pu
activity from fission

products

The concentration of noneradioactive impurities in the plutonium is
expected to be low, the principal impurities being aluminum and iron (about
30,000 and 10,000 parts per million parts of Pu, respectively), The com=
position .of the final plutonium product is discussed in detail in Chapter
V1li. Firm'dhemical.purity'specifications for the plutonium product have
not been established at the"time of this writing, but an appraisal of .
pregent purity requirements plus expected impurity removal in subsequent
processing steps indicatés that the final product will be satisfactory.

Lhe Uranium ?ggduct

The uranium product of the Redox Plant 1s & concentrated uranyl
nitrate solution centaining approximately 1004 grams of uranyl nitrate
hexahydrate per liter, l.e., 1,76 g. U/1. At the time of thls writing it
is tentatively expected that the specifications for the maximum plutonium
and radicactive fission-product conicentrations in the recovered wranium
solution will be approximately as follows: :

Pu 10 parts per billion parts of U (This
: is the expécted plant performance, as
. opposed to 100 parts per billion given
. belo§ for tentative specifications for
003, , : '

Beta radioactivity 1 x 10=7 (theoretical) euries/g. U
(30% of natural uranium beta)

Gamma radiosctivity = 9 % 10~8 {theoretical) curies/g. U
(300% of natural uranium gamma%

DECLASSIFIED <o
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The three wranium decontairination cycles wily probably reduce the
radicactivity in the Tecovered uranium solution to approximately 10 per
cent and 100 per cent of the natural uranium beta and gamma activity

respectively,

The principal nen-radicactive impurities in the uranium product of
the Redox Plant are as follows:

Approximate Concentration,
Parts per Million

Impurity Parts of U
HNO; 10,000
Sodium _ Loo
Aluminum 600
Iron 150

The uranyl nitrate solution constituting the final uranium product
of the Redox Plant is part of the feed to the Uranium Conversion Plant
(22U Building), where the uranyl nitrate is calcined to uranium tri.
oxide (U03), Tentative Specifications for the U03 product are as
follows:

Constituent
or
Property . Tentative Specificationst
Beta activity from not to exceed 30% of natural uranium
fission products
Gamma activity from not to exceed 300% of natural uranium
fission products
Pu content not to exceed 100 p.p.b.
U03 content not less than 97% by wt,
Sodium content - not to exceed 1000 PsDom,
Phosphate content net to exceed 2000p,p,m,
Iron content not to exceed 1000 PeP.M.

S; Mo, Cr, W, 8i, B, Tl  not to exceed 100 p.pem. each

Water content ‘ not to exceed 0,1%
Nitrie acid content not to exceed 0,6%
Particle size 80% through 80 mesh
Bulk density not less than 3,2 g, /ml,

“ These specifications are at this writing subject to
considerable uncertainty, -
DECLASSIFIED
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¢, PRINGIPLES AND OUTLINE OF THE REDOX PROCZSS

The Redox process is designed to separate uranium and plutonium as
product streams from the fission products with which they are agsociated
in irradiated uranium slugs. The process is one of solvent-extraction,
in which the compcnents are separated from ons snother: by controlling
their relative distribution between aqueous solutions and the immicible
organic solvent, hexone (methyl iscbutyl ketone), In the following sub=
sections the basic principles of the process arc briefly explained and
the several steps which make up the process are outlined, This section is
intended only as an introduction to the proccss, more complete information
being contained in Part I {Chapters II through X),

1, Basgic Princigles

1.1 Properties of uranium of process importance

The Redox process utiliucs the preferential extractability of uranyl

nitrate by hexone to soparatc uranium £rom plutonium and the fission
product elcments,

Motallic uranium is selublc in nitric acid to form solutions of
U0p(NO3)p. A fast dissolution rate is favorcd by high concentrations of

nitric acid and high tempcratures.

' The salts of uranium consist chicfly of two classes: (a) the uranous,
U(IV), green in color; and (b) the uranyl, U0p*2, ycllow in color with a
strong greonish fluorescence, Uranium is capable of oxisting in other
valence states, but only the tetravalont and hexavalent are comparatively
stable in aqueous solutions, U(IV) is a strong reducing agentj it therc
forc follows that it is difficult to reduce U02+a to U(IV). UO,{NO )os
the product of uranium metal dissolution in nitric acid, is very soluble
in agueous solutions and in hexone, When aqucous solutions of uranyl
nitrate are contacted with hexonc, the uranium can be made to distribute
preferchtially into thec organic phase by adding a salting agent, aluminum
nitratc, to the agueous phasc. This prefcrontial distribution and the
rclative non=reducibility of U02+2 make possible the scparation of uranium
from plutonium and the fission products in the Redox proccss.

1.2 Exgggrtics,of plutonium of nrocegs immortance

The Rodox proccss utilizes the preferential extractability of the
plutenium(IV) and (VI) nitrates by haxonc and the virtusl nonecxtractability
of plutonium(III) nitratc to scparato plutoniwa from uranium and the fls=
sion-product clements,

The metal solution resulting from thc dissolution of irradiated uranium
slugs in nitric acid contains plutonium with the (IV) valencc statc proe-
vailing.

Solutions of trivalent (bluc-violot), totravalent (broWn=green ), pPohw
tavalent (colorless), and hexavalent (pinkworange) plutonium have been

3 ” DECLASSIFIED —
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produced, Pu(V) is unstable, and scon disappears by dispreportionation
to other valence statcs, Pu(III) is morc stable than Pu(V) but in the
presence of air or other oxidants is rathor casily converted to Pu(1V),
Both the Pu(IV) and (VI) nitratos can be made to distribute prefercn-
tially from an aqueous solution salted with aluminum nitrate into hoxone
in the same manner as U02(NO3 )2, while the Pu(III) nitrate always favors
the aquecus phase, This solvent-extractability of the IV and VI valence
states makes possible the Separation of plutonium from the fission proe

1.3 Propertics of the Iission products of process importance

The relative non-extractability of the fissionwproduct elements by
hexone nakes possible their Separation from uranium and plutonium in
the Redox process,

Fissioneproduct elemsnts important in plant operations are listed
in Chapter II, Some of these fission products (I, Xe, Er, and others
present in smaller Quantities) are gaseous and are for the most part
evolved in the dissoluiion of the pile metal, The fission products re-
maining in the metal solution arc, in general, relatively inextractable
into hexone, even whcn the aqueous phase contains a salting agent, and
thus largely remain in the aqueous phase at the conditions under which
plutonium and uranium are extracted,

One fission product, ruthenium, has bsen found often to limit the
decontamination of uraniunm that may be realized by solvent-extraction
methods., Ruthenium may be oxidized by <MnOy, or ozone to the tetroxide
(Ruoh), which is volatile and may be removed from the metal solution
by sparging the solution with a carrier za8 (e.g., air), Two other
fission products, zirconium and niobium (columbium), arc almost quanti.
tatively adsorbed on precipitated 'n0s formed by the reduction of KMno
and on certain filter-aids, Other fission products are alse adsorped,
to 2 lesser extent, in this mamner, In order to improve decontamination
and thus possibly eliminate the nced for one or more Solventeextraction
cycles, equipment for ruthenium distillation and zirconiumeniobium
scavenging has been incorporated in the Redox Plant feed preparation
facilities,

1.4 Decontamination

As shown on the HW i/ Bedox Plant Chomical Flowsheet (Fig, I.2),
the beta and gamma~cmitting fission products associated with irradiated
uranium slugs exposed for 40O megawnttedays/ton are rcduced by factors
of 2.3 x 100 and 1.5 x 109, respectively, for uranium and 5 x 10% and
1lx 107,rcspectively;for plutonium in the solventecxiraction cyeles of
the Redox process, Thc factor by which the concentration of radioactive
contaminants is reduced is termed the "decontamination factorn (D.F.),
which can be expressed mathematically as follows:

Sy DECLASSIFIED -
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D.F, = Radioactivity initiaslly Eresent ‘

oactivity present at step in question
Either the gamma or beta radistions may be used as an index of the fission~
product radiocactivity present, and the decontamination factor thus deter-
mined is called the "gamma D,F." or meta D.JF.Y, A logarithmic method of

expressing decontamination factors is also used, and is related to the D.F.
by the following expressiont -

dr= logyg (DeF.)

Therefore, a D.F, of 105 is equivalent to a dF of 5, D.JF, of 20 equals dF
of 1.3, etc,

1.5 Simplified flowsheet

Figure I-1 is a simplified flowsheet of the Redox procéss including
the feed preparation, solvent-extraction, solvent treatment, and waste
treatment steps, Individual parts of the process are discussed in the
subsectibns_following.

This flowsheet shows the code 1etters usvally used to identify the
solventeextraction column influent and effluent streams in the Redox
process, such as IAX, 2BP, 3BW, etc, The first two letters of this code
identify the solvent=extraction colum. The 1ast letter identifies the
stream, Influent stream abbreviations end in ¥, X, or S, which stand for
feed (uranium or plutonium), extractant, and scrub, respectively. Effluent
gtream abbreviations end in P, U, or W, which stand for piutonium, uranium,
and waste, respectively. #ffiuent streams containing both uranium and
plutonium éend only in P, Thus the IAP stream is the effluent stream from
the IA Colurmn containing both uranium and plutonium,

2, Feed Preparation

The purpose of the feed-preparation process 18 to prepare a solution
from pile-irradiated uranium slugs for feed to the First Solvent=Extraction
Cyecle,.

The feed preparation process includes the‘following.steps:

{a) The aluminum jackets are removed from the irradisted slugs by
s solution containing 10% sodium hydroxide and 20% sodium
nitrate, at boiling temperature, The resultant coating re=
moval waste is sent to underground storage tanks, . -

~(p) The uranium slugs, containing plutonium and figsion products,
are then dissolved in 60 per cent nitric acid at boiling tefme
perature, The off-gas formed in the dissolution is passed
through a "silver recactor® where, by reaction with gilver nie
~ trate, the highly toxic radioactive ilodine is effectively
removed, ‘ :

'(c) The metal solution from the dissolving step is treated, at
near-boiling temperatures, with sodium dichromate, which
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oxidizes the plutonium to the VI valence state, The solution
may be furtier treated with potassium permanganate to oxidize
the ‘madip rutheniun to the volatile tetroxide, which may be
swept from the solution by sparging with air. The ruthenium
is then removed from the off-gas in a caustic scrubbing
column, 3Sottoms from this column are routed to underground
storage tanks,

(d) After oxidation, the metal solution ig centrifuged to remove
any solid material which may be detrimental to the performance
of the solvent~extraction columns, Before centrifugation
the solution may be scavenged with Super Filtrol (& filter-
aid) or a co~formed manganese dioxide precdpitate, Zirconium
and niobium fission products are largely adsorbed on these
Seavenging egents and thus removed during centrifugation,

The Super Filtrol is added to the solution as g slurry,

while mengancse dioxide is formed by reducing potassium per-
manganate (added during oxidation) with chromic nitrate or
langanous nitrate, The cake from the centrifugation operation
may be either slurricd or dissolved out of the centrifuge bowl
and is disposed of to underground storage tanks,

(e) The final adjustment of the metal solution to a proper com-

3. §0;xent-mx§ragtion

A number of modified flowshcets heve been proposed for the Redox
procesgs since the development of the original flowshest st the Argonne
National Laboratory, Typical modifications are the HW #4 Flowsheet
(Figure I-2); the A.N.L, June, 1948 Flowsheot (Figure I1-3); and the
QRN L. June, 1949 Flowshect (Figure I-4), Whilc the Hy #4 Flowsheet
served as the nominal design basis for the Redox Plant, cnough flexi-
bility has boen built into the plant to make it possible to oporate it
under a comparatively wide range of process conditions, including those
of the AN.L, and O.R.N, L, Flowsheots,

The outline presentod under 3,1, 3.2, and 2.3, below, is based
primarily on the HW #4 Flowshcet {(Figure I-2), However, to a large
cxtent it also applies to the AJLE.L, and O0,R.N,L, Flowsheets, The
relative morits of the alternative flowsheets and the essential differ—
ences betwoen them erc summarized under 3.4, below,

¥) An acid-~deficient solution is one which would become stoichio-
metrically neutral upon addition of nitric zeld equivalent to the
deficiency (e.gs, an acid-deficient solution designated as "
0,2 M HNO3 would become stoiechiometrieally neutral upon addition
of 0,2 mole of HNO3 per liter), :
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The First Extraction Cycle acconplishes the primary separation of the
netal solution into (a) an aqueous plutonius stream, (b) an aqueous uranium
stream, and (c) an aqueous stream containing the bulk of the fission-
product elements.

3,1 First Extraction Cycle

The fead solution from the Feed Preparation Section (IAF) is continu-
ously fed to the intermediate feed point of the IA Column, A countercur=
rent flow of acidified hexone (IAY) extracts uranium and plutonium, both
in the VI valence state, from the aqueous phase into the organic in the
presence of a salting agent aluminum-nitrate,_introduced in an acid defiw
cient aqueous sclution (IASS at the top of the colum, In this manner,
wranium and plutonium in the organic phase. are separated from the bulk of
the fissioneproduct elements which are carried into the aqueocus effluent,

The organic overhead (IAP~IBF) containing uraniun and plutonium is
contacted in the IB Column with a countercurrent flow of slightly acidified
aqueous solution (IBX) containing ferrous sulfamate and aluminum nitrate,
The ferrous sulfamate reduces plutonium to the III valence state, thus
permitting it to be extracted into the agucous phase while uranium contlnues
to favor the organic phase, The aqueous phasge 18 scrubbed of any uranium
by slightly acidified hexone (IBS) introduced at the bottom of the column.
The aqueous piutonium stream (IBP) is further decontaminated in the Second
and Third Plutonium Cycles.

The uranium in the organic stream from the 1B Column (IBU.ICF) is
transferred into the aquecus phase in the IC Column by countercurrent eXe
traction with an aqueous stream. The aqueous effluent (ICU) is then
stripped of dissolved hexone, concentrated, and simmltaneously adjusted
to the required acid-deficiency in the ICU Concentrator, This concentrated
uranium stream constitutes the feed to the Second and Third Uranium Cycles.

3.2 Segond and Third Uranium Cycles

The Second and Third Uraniun Cycles further decontaminate tho aranium
Pyrom residual traces of radioactive fission products and plutonium which
carry over with the uranium from the First Extraction Cyecloc,

The aqueous uraniwm concentrate (2DF) from the First Extraction
Cyele is fod to the intermediate feed point of the oD Column. This unit
is operated in the samc manner as the IA Column described aboves The
feed stream is contacted with a countercurrent flow of acidified hexone
(2IX) and, scrubbed with an agueous acidedeficicht aluminum nitrate
ferrous sulfamatc solution (203), The uraniwm transfers into the hoxene
phasc and is carriod overhead while traces of fissioneproduct elements
and plutcriium loave the bottom of the colwmn in an aqueous stresm (2DW).

The uranium=-bearing hoxone strcam (2DUJ%EF) flows dircetly to the
bottom of the 2E Column, where, just as in the IC Column deseribod above,
uranium is. transforrcd back into thc agqucous phase by countercurrent
extraction with an aqucous stream (25X ). ‘
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Again, as in the ICU Concentration describegd above, the 2E uranium
Strcam (2BU) is stripped, concentrated, and adjusted to the requircd
acid-deficiency, The concentrated solution (3DF ) may then be fed to
the Third Uranium Cyele if further decontamination is required,

The Third Uraniwn Cycle serves to decontaminate the uranium solution
still further from residual traces of the fissionwproduct elements and
Plutonium and is identical with the Second Uranium Cycle except that

Conversion Plant for calecination to uranium tricxide (U03) before shipe
nent off-site, Ruthenium, zirconium, and nicbium decontamination prow
cedures in the Feed Preparation Step, discussed in Subsection 2, above,
may make operation of the Third Uranium Cycle unnecessary,

3+3 Second and Third Plutonium Cycles -

The function of the Second and Third Plutonium Cycles is to decon
taminate the plutonium adequately from rosidual traces of the fissione
product elements which carry over from the First Ixtraction Cycle,

The aqueous effluent from the IB Column (IBP) contains plutonium
in the IIT valence state, The solution is oxidized by the addition of
nitric acid and sodium dichremate to place plutenium in the IV or VI
valence state so that it may be extracted with hexone and thus further
decontaminated, The oxidized solution (2AF) is fed to the center feed
point of the 24 Colurmn,

The 24 and ZBdColumns as well as the 34 and 3B Columns arc operated
in the same manner as the 2D, 2B, 3D, and 3E Colwms in the Second and

The aqueous plutonium stream from the 3B Column (3BP) is concene
trated for shipment to (231 or) 234-5 Building,

3. Alternative flowsheets

The HW #; Flowsheet (Figure I.2), upon which the ocutline above
was primarily based, is only one of the modifications of the Redox
brocess upon which the Redox Plant may be operated, The A.N,L, June,
1948 Flowsheet (Figure I-3) and the OuHoNoL, June, 1949 Flowsheet
(Figure I-.4) represent other feasible wodifications. The essentia]l
differences between these alternative flowsheets are in the nitric acid
concentrations in the entering streams and in the aluminum nitrate
concentrations in the serub streams to the uranium decontamination columns
(the 1A, 2D, and 3D Columns), The differences are summarized in the
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Concentrations in the IA, 2D, and 3D Column Feed Streams

Aluminum Nitrates, M Nitric Acid, M

——— ol it
Flowsheet Scrub Feed Scrub Extractant
W #h 1.8 -0.2 . 0.2 +0.2
A N,L, June, 1948 ' 1.3 +0.3 0 +0.5
OuReN;Lo June, 1949 2.0 -0.2 ~0,2 0

The major advantages and disadvantages of the alternative flowshsets
are as follows:

Flowsheet Advantages Disadvantages
AoNoL, June, 1948 1, Low Pu losses 1, Low decontamination
2. Most economical per cycle
of aluminu nie
trate

0,R.N.L., June, 1949 1. High decontamina- 1. Possibly higher Pu

tion per cycle losses from the IA
colum
2, Uses the most aluminum
nitrate
W #l -1, Combines most of 1, Waste losses and dee

the advantages of contamination are

O.R.NoL. and A.N.L. sengitive to minor

Flowshoets variation in stream
compositions

4, -Solvent Treatment

The Organic Recovery Section reclaims used hexone for recycle to the
process,

All spent hexone streams (from the IC, 2B, 3E, 2B, and 3B Colums)

are fed directly from a header te a scrubber column (10 ) wnere water or a
2 sodium carbonate solution serves to remove the bulk of the plutonium,
uranium, and fission products which may be present in the hexone, The
overhead from this scrubber is fod to a distillation column, in which, by
digtillation and contact with aqueous caustic reflux, the hexone is further
decontaminated from uranium, plutonium, and fission products and purificd
of any methyl isopropyl dikctonc and organic acids {(formed by decomposition
of hoxone) which may be present, Following this distillation the hoxone
may be subjected to further chemical trcatment if it is still unsuitable
“per feed to the cxtraction columns because of impuritics such as methyl

. isobutyl carbinol. Frosh hoxone is also added to the process at this

“ point, The corbincd fresh and rccovered hexonc is then recycled to the
extraction coluwmns. Acid additions to the hoxene arc made by continuous
line blending just prior to feeding to the columns.
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5. Waste Treatment and Disposal

All fissionwproduct wastes from the 14, 24, 34, 2p, 3D, I0, and
Organic Distillation Columns are fed to a Waste Concentrator, The high-
radioactivity bottons from this boil~up vessel, which are concentrated
(for Storage volume economy) to the highest practical aluminum nitrate
content, are blended with Lhe high-radioactivity wastes from the
Buthenium Scrubber and the Laboratory Building (222.8). The resyltant
solution is neutralized with caustic before disposal t0 the mildesteele
lined underground Storage tanks, To avoid rapid corrosion of these
tanks at the low PH of aluminum nitrate solutionsy sufficient caustic is
added to convert the aluminum nitrate to sodiunm aluminate,

The overhead from the Waste Concentrator joins the overheads from
the uwranium and plutonium concentrators and flows to the Condensate
Stripper where hexone is removed and sent to the Organic Recovery
Section, The bottoms of this column are then evaporated before being
cribbed as lowaradioactivity wastes, The tailings from this evaporae~
tion are recycled to the Waste Concentrator,

Jacket removal wastes are sent directly to underground storage
tanks,

b4 Off-Standard Streams

Provisions have been made in the process design for reworking any
offwstandard streams, Rework methods are necessary for either of two
possible reasons: (a) a waste stream may contain an excessive amount
of uranium or pPlutonium, or (b) i product stream may not be sufficiently
decontaminated from fission products or other impurities,

Waste streams requiring rework may be further subdivided into
aqueous and organic waste streams, The former are handled in the Vaste
Treatment Section where they are concentrated and adjusted in composition
for feeding to the IS Colurmn, The IS Column is located in the First
Extraction Cyele and 1is functionally identical with the IA Column, except
that it is intended primarily for rework,

Column, The aqueous effluent from the 10 Column is directed to the Waste
Concentrator in the Wasto Treatment Section. As before, the rework soluw
tion is sent to the IS Column,

Insufficicntlyhdecontaminatod aranium or plutonium product streams
are handled in the cxtraction battery alone, Thus, an off-specification
uranium product stream is recyeled to the beginning of the Second Uranium
Cycle, Similarly, an of fwspecification plutonivm strcam is recycled
either to the beginning of the Second Plutonium Cycle, or, if the uranium

*

- DECLASSIFIED w—



9 1k

content is too high, to the First Extraction Cycle fer ~cprosessing in the
IB Column,

D, THE REDOX PLANT

The Redox Plant is located in the 200 West Area of i/1¢c Hanford Works,
approximately thirty miles from Richland, Washington, and six miles from
the nearcst pile arca, 100-B, A detailed map of the Han’ord Works and a
plot plan of the 200 West Arca arc contained in Chapter (I (Fig. XI-L and
XI-2; rospectively)e Chapters XI through XVIII of thie manval contain a
detailed doscription of the Plant and its equipment.

1. Gencral Plant qugpt

1,1 Redox Arcga lazput

The Rodox Arca layout is shown on Figurc Iw8, Itis layout drawing
shows the relative location of the Processing Building (202-8); the
Analytical and Plant Assistance Laboratory, Building 2.5 and some of
the auxiliary facilitiecs.

The layout of the Proccssing Building (202-S) is i scussed under 1.2,
belowe

The Analytical and Plant Assistance Leboratory, Baliding 2225, con-
tains laboratorios for process control of Redox and ot processes and
a wing for chemical research and process chomistry wor< on 2 multi-curie
scalc,

The functions of tho Processing Building auxiliary facilitles are as
follows:

- Pacility _ F\mcELon

203~5 Mectal Storage Storage of recovercd urenium solution,
2075 Retention Basins Retention of exit cosling water and

(not shown on Fig. I-5) stoam condensate bofere disposal to pond.
211-5 Chemical Storage Storage of 50% sodiunihydroxide, 60%

nitric acid, 724 ziuninum nitrate, and
demineralizcd water.

216~3 Cribs Disposal of low-radicactivity wastes

(not shown on Fig, Iw5) to ground,
210-5 Diversion Box Routing of proccss wastes to 2ld=S
Diversion Box,
21«5 Diversion Box " Routing of proccss vastes to 216=S
(not shown on Fig. I-5) Cribs and 241-S Tank Farm,
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Facility Function
2L1~S Tank Farm Undergroung storage of higheradiow
(not shown on Fig, I5) activity wastes,
276=5 Solvent Storage and Storage and pretreatment of new
Make«Up hexone, plus Storage and retreatment
of recovered hexone, -
277~S Redox MockaUp Shop Mock-up of cell and silo areas for
(not shown in Fig, I.5) fabrication of Precision~fitting
equipment,
291~5 Ventilation Filter, Disposal of ventilation air,

Fans and Stack

291~S Process Vessel Ventin Disposal of gaseous process wastes

lation System Jet Pit, (filtered in 2025 Building) to
stack,
Column Carricr Outlet Removal of solvent-extraction

colums from 2025 Building Silo,

Inert-Gas Generator Gencration of inert gas for blanketing
of process vessels containing hexone,

2726w Propane Storage Storage and vaporization facilities
for propane fuel burned in the
inert-gas generator,

1,2 fTocessing,Buildiqg_(ggg:ﬁlrlgzout

The Redox Processing Building, 202-3, is a nultistoried, predominantly
reinforced concrete structure with overall dimensions of approximately
160 rt, (width), by 1Lo 1, (height), by 475 ft. (length), Figure T-% is
2 simplified sketch of the building layout, Figure I.7 is a perspective
Cut=away viewed from the southwest corner of the building,

The building has two major portions: the process portion which con-
tains the Mhotn process equipment and the regulated work Zohes, and the
service portion which houses personnel and equipment necessary for remote
operation of the brocess portion,

The brocess-portion Processing equipment areas are: the Silo column
enclosure, the (s yon cclls, and the Product Removal Cage (located at the

the solventwextraction columns, The Canyon cells house the processing
equipment for dissolving slugs received from the 100=Area piles (Cells

A, B, and ¢), preparation of feed solution suitable for the Redox process
{Cell H), handling the solutions pumped to and from the sblvent-extraction
colums (Cells K and F), neutralisation and concentration of waste 5010w
tions (Cecll D), decontamination and purification of organic Solvent
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(Cell G), and decontamination of process off=gascs (Cell J). The Product
Romoval Cage houses the cquipnent for conccairation of the plutonium product
solution prior to shipmont. ‘

The regulated work zones consist of rooms and gallerics wherc limited
contact of personnel with redistion end rodionctive contamination is allowed
wnder carefully prescribod and monitored conditions. The following arec
rogulated work zoncs: Canyon Deck Lovel, Sample Galleries, Canyon Cranc -
Gallory, Canyon Cranc Maintonance Platform, Silo Cranc Level, Remotc Shop,
Decontamination Room, Regulated Shop, and Health instrument Room. The SWP
(regulated work) Lobby is the central point uscd for cntrance to the rcgue
1ated work zones and exit from the moncs to the outside.

Tho: scrvice portlon has roomsS, shops, and cquipment roquired for plant
operation, and ineludes an cntrance lobby, offices, lunch room, toilets,
regulated change roams, and locker rooms, Thc ehops provided arcs maintone
ance, instrument (industrial and clectronic), ond oleetricals Control rooms
provided aro: the operating gellerics on the north and south sides of the
Canyon and ovor the Silo, Equipment rooms nccessary for building operation
are: blower rooms (5), a compressor rooh, a chemical storage room, aqueous
make~up levels (5), a Silo feed gallery, electrical substation, 480=-volt
electricel distribution centers (2), an ozone generator room (Hivox Room),
end pipe galleries (north and souths.

2.' Special Features of the Plant

The high levels of radiation associated with process solutions, the
nature of the process materials, and the nature of the process itself have
necessitated the installation of many special features, soms generally
used in plutonium geparations plants and some peculiar only to the Redox
Plant., These and other features of the plent which are of primary interest
are listed below.

2,1 Continuous processing

The Redox Plant 1s designed to conduct prodessing operations on a
continuous basis, except for the feed preparation and plutonium concentraw
tion steps which are batch operations, The plutonium crossw-over oxidation

" equipment may be set up to operate either batch-wise or continuously. The

s

continuous nature of the process requires the use of a greater variety and
number of automatic control instruments than are generally provided in

batchwoperated plants,

2,2 Shielding

All service portion& of the Pracessing Building muet be shielded from
the processing areas to prevent'personnel from receiving excessive amounts
of radiation. Concrete walls, of thicknesses greater than necessary for
gstructural soundness, are used to reduce radiation intensities so that
per7onnel in these areas will not receive radiation in excess of 0.1
mr./nr. :

Inside the process portions, the regulated work zones are shielded
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from the Silo and Canyon process equipment areas by concrete walls and
cell cover blocks so that radiation intensities in these zones are
normally less than 1 mr,/hr,

Materials other than concrete which are used for shielding inside
the building are lead glass (for viewing windows) and steel,

tside sources of radiation (waste piping, waste tanks, and the
railroad tunnel) arc shiclded with carth cover and/or concrete,

2.3 Remote opcration

Location of the process equipment behind massive concrete shielding
necessitates that this equipment be coperated by remote control.

Processing operations are controlled frem the opérating galleries
except for the Dissolver charging operation which is accomplished with
the aid of the Canyon Crane {described under 2,4, below), Some of the
methods and devices employed for remote operation are briefly described
below, :

Irradiated uranium slugs are brought into the Processing Building
via the railroad tunnel on special cars, They are then charged to the
Dissolvers with the Canyon Crane, Chemical additions to the process
vesscls are made from the service areas through pipe lines running
through the concrete shiclding, Solution transfers between vessels are
made by means of steam jets and, in cases where the flow rate must be
closely controlled, by clectrically opcrated pumps submerged in the
process solutions, Flow rates of thesc pumped streams are centrolled
from the operating galleries by recording=controlling instruments
which receive an impulse indicating the flow rate from a transmitting
rotameter and in turn actuate an aireoperated valve. Agitation of the
vessel solutions is accomplished with remotely~operated recirculating
steam jets or electrically driven agitators, The hexone-aqueous interw
face levels in the solvent~extraction columns are controlled by recorder-
controller instruments which are actuated by inert-gas bubbling dip tubes
located in the colurn tops. The controller then maintsains the interface
level by adjusting an air-operated control valve in the agueous stream
leaving the colwnn, Indications of the total welght and specific
gravity of solutions are read from differcntialepressure instruments
actuated by bubbler dip tubes in the vessels. Solutions are sampled via
vacuum jets which draw the solutions into shielded sample boxes in the
sample galleries, :

2,4, Remote maintenance

Installation and removal of process equipment, and servicing operaw
tions in both the Canyon and Silo, are accomplished with the aid of
cranes. The Canyon Crane (60-ton) 1s operated from a steel-shielded
control cab which travels behind the concrete wall of the Crane Cab
Gallery, Operations are observed from the cab through periscopes, The
Silo Crane (10-ton) may be operated from its steeleshiclded cab or from
any of seventeen remote control stations located at various levels along
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the north and west walls of the column enclosure, Operations may be viewed
through any of the lead-glass viewing windows which are located in the cab
as well as at strategic positions in the Silo wall next to remote control
stations for operating the crane.

A1l Canyon and Silo equipment pileces may be removed with the cranes.
All equipment pieces are fastened in place with enlarged nuts which may be
tightened or loosened with a crane-operated impact wrench. Piping, elec-
trical,and auxiliary connections are made with special conneclors which
may be tightened or loosened by rotating a single nut with the impact
wrench, Each large equipment piece is provided with bails so that it may
be lifted with a crane hool.

Columns are placed in a special carrier container before removal from
the Silo. This container is then removed through an underground tunnel
to the Column Carrier Outlet., Replacement columns are brought into the
building in the same manner, . -

Canyon equipment in need of repair is carried to the maintenancs
facilities at the east end of the Canyon, The equipment may be partially
decontaminated and disassembled in the Remote Shops It may then be de-
contaminated further in the Decontamination Room and brought into the
Regulated Shop for contact maintenance, if nccessary, Equipment to be
replaced is boxed up and removed from the Processing Building through the
Railroad Tunnel,

2,5 Silo structure

The length of the solvent-extraction colums (58 ft. maximum) and the
locating of some of their auxiliary equipment above them has made necesSe
sary the construction of a special portion of the building known as the
Sile, The Silo is approximately 132 ft, high, 8L ft. long, and LO ft.
wide, The Silo roof is approximately 1L0 ft. higher than the building base
line, 52 ft. higher than the Canyon roof, and 120 ft. above grade level.

Located in the Silo are the column enclosure (8L ft. high), fagilities
for aqueocus make-up, tanks for feeding "cold"® {non-radicactive) feed streams
. to the columns by gravity flow, facilities for sampling column streams, a
10-ton crane, and the column operating center,

2,6 Materials of construction -=- equipment

The corrosive nature of the solutions processed in the Redox Plant
(primarily nitric acid of various concentrations) requires the use of
stainless-steel vessels and lines for the handling of the proceas liquids
and gases, All vessels in the process areas are constructed of 188
stabilized stainless steel, except those normally operated at high tem-
peratures which are constructed of 25.12 Cb stabilized stainless steel,
The construction materials of the wessels in the service areas are usually
stainless or mild steels, depending upon the nature of the solutions which
they handle, Other materials arc sometimos used in special cases,
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2.7 Protective coverings

Concrete is easily damaged by nrocess solutions and tends Lo absorb
radioactive contamination, For this reason, concrete surfaces which
could possibly come in contact with process solutions are protected with
a coating of acideresistant paint or covered with stainless steel,
Amercoat paints are generally used throughout the Canyon cells and in
the column enclosure area, Because hexone attacks the paint, stainless
steel coverings are used on the floors of the colum enclosure and
Solvent~handling cells which uay possibly come in contact with hexone,
The PR Cage floor is also lined with stainless steel, as recovery of
spills in this area may be necessary.,

3. BSafety Features of the Plant

3¢l Critical mass control

Plutonium is capable of a nuclear fission chain reaction if more
than a certain critical amount (called the "critical mass") is accumue
lated in one place, The size of the critical mass is a function of
chemical and geometric conditions as discussed in Chapter XXV.

All process vessels in the Redox Plant except those tanks which
handle uraniun=-free plutonium (the tanks of the Second and Third
Plutonium Cycles) are safe from the accumulation of a critical mass
because of the nature of the solutions processed or the vessel geometry,
In the Plutonium-Cycle tanks, criticality is impossible as long as each
vessel contains less than approximately 0.6 Kg. of plutonium, (Even
with 0,6 Kg, present, a chain reaction will not take place unless several
unlikely conditions also prevail, )} The plutonium processed through these
tanks 18 normally handled in 300-gram critically-safe batches, Batch
sizes are controlled by volume and by sampling, As an additional safee
guard, tanks which continuously receive plutonium solution are operated
S0 that they will overflow before receiving a volume of solution which
normally would contain over 600 grams of plutenium,

3.2 Process area ventilation

To prevent the spread of radioactive contamination and solvent
vapors through the air, process vessels are maintained under a negative
differential pressure with respect to the cells. All process vessels
are vented through Fiberglas filters and are maintained under a vacuum
of from 5 to 30 inches of wator., The vacuum is drawn by jets which
discharge to the stacl, Solventecontaining vessels arc vented to an
inerte-gas system, while other vessels are vented to an air system,

To prevent the spread of any radiocactive contamination and solvent
vapor in the event of a leak from the process vessels, the Processing
Building ventilation is so designed that the processing arcas are
maintained under a negntive differential pressure (approximately 0L
in, of water) with respect to other portions of the building,

— DECLASSIIED S



P  DECLASSFED e

Ventilation air is fed to the process areas from the No., 1 Blower
Room, '

Air enters the Canyon and Silo process areas at the upper levels,
This air is then drawn down past the process equipment, through the ventiw
lation tunnel, and through the sand filter (where radiocactive particles are
removed) by the 291-S Fans, These fans discharge the air through the stack
to the atmosphere,

Air fed to the Regulated Shop, Decontamination Room, SWP Lobby, H.I.
Storage, and the North and South Sample Galleries is exhausted through fans
to the atmosphere, The PR Cage is maintained al a negative differential
pressure (approximately 0.1 in, of water) with respect to the North Sample
Gollery with an individual exhaust fan. This fan draws air from the
gallery into the cage and then through a replaceable filter before exhausting
to the atmosphere,

3.3 Tire and explosion protection

The Redox process employs a flammable organic solvent, hexone, the
vapor of which is explosive when mixed with air within the limits of 1,34
and 8,00 per cent by volume at room temperature.

A number of protective features for the prevention of fire and/or
explosion have been incorporated into the Eodox Plant. Among these are
inert=gas blanketing of solvenlt-containing vessels, adeguote process area
ventilation, and usc of explosion-proof clectrical equipment in solvent
areas, Despite the remoteness of the possibility of 2 fire and/or
explosion, fire detection and water-fog fire~control systems have also
been incorporated in the plant,

Details on fire and explosion safety of the Plant may be found in
Chapter XXIV,

lie .. Chemical and Utility Requirements

The estimated chemical and utility requirements for processing 3.125
short tons of uranium per day are presented in Table I8, Chemical require-
ments for ruthenium distillation and zirconiumeniobium scavenging steps
have not been included, because of the uncertainty, at this writing, of the
exact procedure to be used for these steps.

5. IneProcess Inventory

The continuous nature of the processing operations in the Redox Plant
complicates the accounting of plutonium and uraniws in the process equip-
ment. Table I.9 lists the estimated in-process holdup of these materials
when the Plant is processing 3.125 short tons of uranium per dayﬁ containe
ing JLOO\ grams of plutonium per short ton.
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HW-18700

ESTIMATED CHEMICAL AND UTILITY REQUIREMENTS
FOR THE REDOX PRODUGIION PLA

Bases: Three Plutonium and Uranium Cycles
Uranium Processing Rate = 3,125 Short Tons/Day 3

Plutonium Enrichment level =
HW No. 4 Flowsheet

Item
100-1b./8q.in.ga. Steam
Rew Water
Demineralized Weter
Hexone(¢)

Caustic Sode {as 50/ NaCH)

Nitric Acid (as 507 HNO3)

Aliminum Nitrete (as 72% Al(NO3)3'9H20)

Iron Powder

Soda Ash (as Na2093)'

Sodium Dichromate (as NGgCr207~2H20)

Sodium Nitrate (as Nefnos)

Sulfamic Acid (as NHQSOjﬂ)

Sulfuric Acid (as 55° Bauméd)

Propane

(a) Process requirements only.

requirements,

1Rxf?ﬁ&ﬁaijﬁzﬁnnnq:jggfzig

Requirements for 24 Hours

Continuous Operetion(@)(b)

663,000 1b.
2,860,000 gal.
15,600 gal.
150 gal.

3,757 gel.
1,852 gal.
4,370 gal.

110 1b.,

206 1b,

koo 1b,

Vb 1,045 1b.

394 1b.
50 Ib.

165 gal.

Does not include service

{b} Does not include chemicals required for head-end Ru
and Zr-Nb removel steps and for retreating hexone,

if any.

(c) Estimated daily requirement if solvent retreatment is

unnecessary.
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HW-18700

ESTIMATED IN-PROCESS INVENTORY OF PLUTCNIUM AND URANIUM
FOR THE REDCX PRODUCTION PIANT

Bases: Three Plutonium and three Uranium Cycles
Uranium Processing Rate = 3.125 Short Tons/Day
Plutonium Enrichment Level':(Egg ﬁrams EuZ§§orE Ton UI

Pounds of Grams of

Process Section Uranium Plutonium

Feed Dissolving and Storage 54,600 10,900
(up to Oxidizer)
Feed Treatment (Oxidizer through 6,250 1,250
IAF Make-Up)
First Extraction Cycle (IAF Feed Tank 10,200 1,800
through ICU Concentrator)
Second Uranium Cycle (2IF Feed Tahk 2,700 1
through 28U Concentrator)

. - o
Third Uranium Cycle (30F Feed Tank H 9,000 0
through 3EU Sampler) f
Second Plutonium Cycle (IBP Receiver 1 0.1 370
through 2BP line) , |
Third Plutoniwm Cycle (3AF Feed Tanﬁ ‘j 0 640
through 3BP Sampler) DT B =
Plutonium Concentration (Pre-Concentrator 0 900

through PR Can)

Aqueous Waste Handling 50 13
Total ' 82,800 15,900
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PART II: TROCESS

CHAPTER II. IPRADIATED SLUGS AND FISSION-PRODUCT DECAY
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CTAPTER II. { IRRADTATED SLUGS AND IISSTON-PRODUCT DECAY

A, DESCRIPTION OF SLUGS

1. Dimensions, Compesitlon and Preparation

Uranium slugs os received for processing in the Redox FPlant are c¢y-
lindrical in shape ond enclosed in an aluminum Jacket which is sealed to
the wranium with an aluminum-silicon alloy bonding layer. A typlcal canned
urenium slug is %.375 in. long and 1.450 -in. in dlameter.

The oldcr standard "8-in." comned uranium siugs (8.70 in., long and
1.440 in, in diamcter) are no longer used because neutron bombardment of
the uranium metal causes it to suffer dimencslonal changes. These changes
(especially warping) made "pushing” of some of the 8-in, slugs from the
pile very difficult with the result that a standard ("l4-inch") canned
slug is now made 4,375 in. in longth, The shorter four-inch slugs warp
also, but, for the same radius of curvoture, deviate from a straight
cylinder by o smoller distance than the longer slugs.

Dotalled dimensions ond compositions of the several constituent
parts of & standard four-inch canncd uranium slug are given in Figure II-1.
Macro components of a standard four-inch slug are as follows:

Component Element Weight
Core Uranium 3.93 1b.
Bonding layer, total {25 aluminum* 8.84 g.) 10 grems

(8ilicon 1.15 g.)
(Tin 0.01 g.)
Aluminum jacket, cap
plus con 28 aluminum® 50 groms
Can only 25 aluminum# he g.
Cap only 28 aluminum¥* 8 g.

% The minimum Al content of 25 eluminum is $9.0%. A typical com-
vosition is 99.2% Al, 0.5% Fe, 0.25% Cu, and traces of 851, Mg, Mn,
and Ti,

‘2, TFabrication of the Canned Slugs

In order to show how the molton-metal boths used in conning influenco
the composition of the bonding layer, o simplified flow sketch of the pro-
cess for conning the machined uranium slugs 1s prescnted below,

T DECLASSIFIED -
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Mochined | Cleaning | | Bronze Bosh| "Tin Bath] [ ]
U Slug and - 34 Cu 45oh9g - > - Centrifuge
: > Pickling 8n  55-51% (595°¢.)]
_ (725°C.) B l
Welding, Maochining, c. | Al-81 Canning Beth Al-S1 Bath
] and 81 11.2-21.5% | Si 11.2-11.5%
el Inspcetion Sn  0.2% max, 'l Sn about 2%
i 28 Al - remninder 25 Al-remainder]
: 595°QL
? At
| :
= Carned U Slug 28 Al Cap
\_ and Can

UG CANNING

Thus the Al-S1 bonding layer has the composition of the Al-Si bath (i.co.
11,2 to 11.5% S8i, epproximately 88.5% 28 aluminum), with the low con-
centration of tin (C.2% mex.) originating from the tin bath. The "com-
pound layer", chiefly tin with a thickness of less than one mil, results
directly from the tin bpth.

B. GROSS "CCCLING" CURVES

The canned uranium sluge are ecxposcd in the piles for periods ranging
from cbout 9-1/2 months (centrzl zone) to about 2 years {fringe zone). A
four--inch slug token directly from the plle contains on the order of 2,000
curies of total occtivity due to the prescnce of radiocactive isotopes re-
sulting from the fission of U327, Accordingly, slugs are "cooled" for a
period of from 40 to 90 days to allow the short-lived isotopes to decay
to negligible radicactivity levels.

Aprrozimately one hundred short-lived rediocsctive isotopes (half-life
1 day or less) arc present in significant amounts in irrsdiated uranium
during ”cooligg;. fbout 20 of these are dircetly produced by fission of
U7 ( end Pu™7) in yields above i%. A fow cxamples of the more abundont
short-lived fission products cre as follows:

Radioact%gi Fissi?n Yielsd
Isotope (° HAf Life $>)
1

SrgT 9.7 nr. 5.6

ZI'165 l,}z:i hI‘- 61

11 . 1’11'& 100

leﬁ?) 8.8 daye 3.0

o .3 do
Notes: 203 e h'?

Ea) All of the isotopes listed are longer half-lived daughters
of parent beto emitiers.
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(o) The probability that a nuclide of any given mass number will
oceur during fission is called its fission yield. Since the
elemental composition of the flssion products changes with
time becausc of beta decay, the fission yleld is based on
the mass number rather than the atemic number of the fission
product. Thus the 5.6% fission yield for sr?l indicates that
for each 100 atoms of UR32 which fission in the pile, 5.6
ntoms of mess number 91 are produced.

The overall change in radioactivity with "cooling" time for uranium

~ which hos been irradinted in = pile for various lengths of time and then
removed 1s shown in Figure II-2, The curves are useful in determining the
quantity of radicactivity in uranium to be proécessed in the Redox Plant.
Figure II-2 is indcpendent of the quantity of uranium present in the plle.
For example, cithor a one-ton or a ten-ton uronlum pile operating at one-
wott totnl power for the same length of time will produce the same amount
of fisslon producks per pile. (However, the ten-ton pile will produce only
a tenth of the amount of fission products por ton.)

The following calculation of the total curies per short ton of uranium
irradiated for 100 days at 400 megawatts in a 200-short-ton pile and
“cooled" for 50 days illustrates the application of Figure II-2. From tho
figure, the total number of curies/pilc for slugs irradiated for 100 days
(parametor) at 1 watt and "cooled" 50 days (ebscissa) is 0.128 (rcad on
the ordincte). Thence, the number of curics/short ton of uranium in a 2Q0-
short-ton pile opcrated at a power level of 400 megawatts (L.e. 400 x 10
wotts) is:

0.128
200

Figure II-2 shows that the amount of radicnctivity decreases quite
rapidly with increcse in "cooling"time. The following table provides a
gquantitative illustration of the rapldity of "cooling":

x (400 x 10%) = 2.6 x 10,

& Curics/Short Watts/Short
"Cooling" Time Ton of U Ton of U
30 minutes e avout 3 x th
16 days 4.8 x 102 2.4 x 103
30 days 3.6 x 10 1.8 x 103
50 days 2.5 x 109 1.2 x 103
100 daye 1,4 x 107 6.1 x 10°
200 days €,1 x 10% 2.6 x 10°

Somo direct experimental measuvements of gamma radloactivity are
reported in Documcht HW~17?81(7 . The radicactivity of uranium slugs
exposed for 160 and 370 days, respectively, was measured wlth a type
G.L. 563 ionlzation chamber. The rosults after conversion to a unit
power level of one megawatt per short ton of uranium resulted in the
curves plotted on Figure II-3. The curves for the 370-day irradiated
uranium gradually rise above thosc for the 160-day irradiated uranium.
This trend is in agrcement with theorctically cxpected results, since
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the concemtration of the short-lived garma-emitting isotopes will reach
saturation after a relatively short irradintion, while thot of the long-
lived components will continue to increase as the exposure contimues.

C. SPECIFIC FISSION-FRODUCT DECAY CURVES

Decay curves for a number of radioactive isotopes important to the
Redox process (seec Chapter IV) have been caleulated and are shown in
Figure II-4. The quantity of fission products originally present was
based on a uranium exposure of 400 mogawatt~days/ton aver a period of
360 days. Theorctical of "absolute" curics as well as "eountable” curies
are shown Tor the total beta and gormn radiction, The activities of
specific isotopes arc presented in terns of "countable" curies.

A (theoretical or absolute) curic is defined as the radiocactivity of
a source of radiation which decays at such a rate that 3.7 x 1010 atoms
chonge per second. It is almost exoctly the radiocactivity of the amount
of radon in equilibrium with 1 gram of radium, Becausc of the limitations
of ordinary radiation counters, cbsolute curles are difficult to determine.
The "ccuntable" curics, in terms of which most of the data in Figure II-k
are expressed, hove the practical advantoge of being subject to compara-
tively casy and rcproducible detcriination. Determination of the number of
“dountoble” curics, in the scmse in which the term is used here, involyves
the "counting" of the sample under specificd conditions with standard
counting instrumonts, such as the B.G.0. counter in use at Hanford w?r§s.
The counting conditions are specificd in dotail in Document HW-1709142),
The counting officiency of the standard counters, and hence the ratio of
obsolute to "countable” curics, is a function of the particle (or quantum)
energy of the radiation measured. Although it 1s not possible to assign
exact wvalues to this ratio, the following are approximate values for beta
particles and garma rays of some typical cnergics:

Particle or Ratio of Absolute to "Countable" Curies
Guantun :
Energy,

M.c.v. Bota Gamma
0.1 o (not counted) 10
0.15 50 8
0.6 L 3
2.0 2 1.2

The comversion of "countable” to absolute curics is further discussed in
Document iTi-17091.(57

On a basis of hOO regawatt-days/ton cmposure with 90 days "cooling",
the Redox IAF (foed) sclution is expected to contain the following amount
of radionetive vission products.
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Absolute(&) Countable ( )

Curies/Gai; Curies/Gal,'?
Total beta radiocactivity 330 100
Total gamma radioactivity 230 55

(2) Based on the assumption that no radicactivity is
removed in head-end treatment.

The total radicactivity as contributed by individual isotopes with an
irradiation and "cooling" history as above is presented in Teble TI-5.
The fisslon products (Ru, Zr, Nb, and Ce) listed at the top of Table 1I-5,
under "A", are of primary importance because they control the decontamina-
tlon factor obtainable in the Redox precess. The fission products listed
in the table undsr "B" also contribute largely to the radiocactivity of the
JAF, However, because of thelr low extractability, they are almost com-
pletely removed in the IAW (waste) stream, :

As noted in Section B, gggve, about twenty radioisotopes are directly
produced during fission of U in fission yields above 1% which, however,
have such ghort helf-lives (1 day or less), that they are negligible as
comp?ﬁ??gto the longer lived isotopes in considering a IAF feed solu-

tion )1 Two comparatively short-liygd radioactive isotopes of import-
ance are I (8-day half-life) and Xel> (5.3-day half-l1ife) because they
are emitted as gases during dissolver operatiom.

D. IECAY OF NEPTUNIUM

Plutonium is formed during irradiation in the piles according to the
following reaction: '

P 3B +a soft gamma ray

| 2
BF v 9, @9, 2
g2 0 92 93 9k

Before the "cooling" period, the Np“>?, with a half-life of 2.3 days, is
rresent in the irradiated slugs in significent amounts, for example, 3%
of the weight of plutonium at shutdown afier 100 days of plle operation.
Because of its short half-life, decay of #pe39 after discharge of the
slugs from the pile, is rapid and follows the equation:

N - -0.,301%
= e

g

&

Where N = amount of Np239 present at time t;

=
"

amount of Np239 originally present;

”cooling“ time, days,

ot
H
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Tous, urenium elugs "egoled” for 60 days have only a millionth of a
per cent of the origiral Np™-” present at cischarge.

N L o-(0.301)(60) _ o~ 18,06 1.5 x 10-8
Ng
. -8
;gg;g . (100) (;is x1077) 1.5 x 10-6%
0O

F.  SILUG HANDLING PROCEDURR

The uranium slugs are received in the 200 Areass in buckets contain-
ing about 1,100 pounds {approximately 280 four-inch slugs) of uranium.
The slugs (still contained in the buckets) are stored in the 219 Building
Storage Basin under 19 to 20 feet of water for a period of from 40 to 90
deys. Aftor the decay period, the bucket of slugs is vlaced in a lead cask
mounted on a railroad flat-car. A drawing of the lead cask appears in
Chapter XVI. The flat-car carrying two casks {therefore, two buckets, or
a total of about &,200 pounds of ureniwm) is then transferred to the Re-
dox Processing Bullding (202-8). The uranium coming inte the 202-5 Build-
ing is charged directly from the cask car to the dissolvers by means of
the overhead crane, Charging of the dissolver is completed by the crane
operator, whe 1ifts the cover off the cer, unlocks the cask with an im-
rack wrench, picks up the cask 114 and places it on one end of the car,
The bucket 1s then lifted from the cask, brovght over the digsolver, and
lowered into the charging opening. As the crane cperator continues to
lower the bucket yoke, the lower lugs of the bucket catch on hooks in the
dissolver opening causing the bucket to tip forward and to dump the slugs
into the dissolver, Drawings of the dissolver and of the centering lugs
appear as Tigures XIII-3 and XITI-h, respectively, in Chapter XIIT,

Afer T buckets have been unloaded, the dissolver 1id and cell cover
are replaced. Then, the coating removal procedure as described in Chaptar
III may be started.

Because of the relatively high radiation levels existing on the canyon
deck at such times, it is unsafe for personnel te remain on the canyon -
deck during the charging operation while buckets are in the air, No
personnel are permitted in the canyon or railroad tumnel when a slug
bucket is being transported. It may also be unsafe in the tunnel or can-
yonr when a cask 1id is removed.
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HW-18700
Figure II-1
STANDARD L-INCH CANNED URANIUM SLUG
> }-‘-o.lesi 0.01in, > [<0.185£0.0lin.
V
4.005in, - - |
1.358 in. 1.455 in.
Uranium Maetal Max.
Diam,
7 )
\ N N
\ . \
\ N\ \
"Compound" Al-S1 28 Aluminum
hinr layer "Bonding” layer Can
Thic (1] < T mil 10-25 mils E nils
Composition  Chiefly Tin 51 11+ Al 99+%
Al 87+
Impurities in the uranium metal,
from typical analyses:
voncentration
M Parts Per Million
Carbon k50
Nitrogen 60
Iron 50-100
Silicon 50
Cobalt, Zinc £:100
Potassium £ 50
Copper, Aluminum <20

Other elements (individually) <10
Typical analysis for: Cd <l
B 0.2
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FIGURE I-2
IRRADIATED URANIUM "COOLING" CURVES
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bata Boures: MW.}T761

2

Gamma Intensity, mr. /(hr.){ 84n. slug)}{ megawatt of pile powser lavel)

'0&»

Ousme rTedfstion from wrenlus sluge sxpossd for 160 amd IT0 dayy
{lowsr snd upper curves respectivwly) ves msasured umder watdr 4t Apdeis
fled 4létinced with sp ionizetion chasbder (Type G.L. 7014 G.E. dreving
Mo. T2GBARAk, madified For use imaer wutst). The data sfter conversion
to m unit power level of trw Begevett/ton resulted ia the plotte! curves.
The uppermcit curve (latemsity is sir ot one foot) results from conversion
of measursd imtsmsitiss upom applicetion of an imverss first power ot
rection for Alstacce spd plotting sbsorption curved t& oortwot for vater
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QUIPTER 1. FER) PREPARATION

A.  JACKET REMOVAL

1. General

The first step in preparing the radioactive slugs discharged from the
piles for uranium=-plutoniumefission-product separation in the Extraction
Battery 1s the removal from each slug of the aluminum jacket and the al U
minum~silicon bonding layer between the jacket and slug proper, This
operation together with the subsequent slug-dissolution step is performed
in any of the three Dissolvers. A description of the Digsolvers is given
in Chapter XIII, The jacketed slugs are described in Chapter II,

2, Chemistry of Jacket Removal

The aluminum slug jacket is removed by dissolution in a solution
consisting of abeut 104 sodium hydroxide and 20% sodium nitrate at
boiling temperature, about 100 to 108°C, The sodium nitrate suppresses
the formation of hydrogen which would otherwise evolve in high concentrae
tions according to the following reaction:

2A1+2Na0H+ 2Hy0 —> 2NaAl0p+3H,.

In the presence of sodium nitrate, either of the following reactions may
take place: )

8A1+5Na0H+3NaNOj+2H20-*f> 8NaA102+3NH3

2A1+2Na0H+3Nal0 3 —~—> 2Nah10+ 3NaNOgt HyO.

Data accumulated during plantescale coatingwremoval operations have indiw
cated that roughly half of the aluminum is dissolved according to each
reaction, However, even with the usc of sodium nitrate the formation of
hydrogen is not eliminated entirely. Data have indicated the presence of

Up to 1% hydrogen in the ofr-gas with the 10% NaOH, 20% NaNO; procedures, {12)

3. _Effect of Sodium Hydroxide Concentration

Laboratory experiments have shown that a NaOH/A1l mole ratio of 1,25
provides an adequate sodium hydroxide excess for dissolution of the alu.
minum, However, this ra*io is not great enough to insure that A1 0 will
not precipitate if the solution is allowed to stend for a day, Rgsglts
have shown that a NaOH/Al mole ratio of 1.65 prevents precipitation even
if the solution is held for long periods of time, In the Redox Plant this
ratio is approximated by the use of about 1370 1lb, of 50% NaOH to dissolve
about 269 1b, of coating material from a 7700=1bs uranium charge,

Aluminum is vigorously attacked by sodium hydroxide over & tested cone
centration rangeof 5 to 50% NaOH., The reaction rate increases with
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increased caustic strength and with temperature. The penetration rate,
which 1s a measure of the rate of attack, approximately triples from 60°C,
to 100°C, (if concentrations are maintaired constant at about 10% NaCH and
20% NalNO, over this temperéfure range) to an average value of about L to

) mils/mgnute at 100"-‘(3.(12 Uranium loss by caustic attack is very slight
in solutions up to 30% N2OH, but the rate of solution becomes eppreciable
in 50% NaOH, In the coatingercmovel step, dilute caustic {10% NaOH) is
desirable to limit the rate of reaction and to obtein suffigient solution
volume to cover the slugs in the Dissolver without using an unreasonably
large exceas,

Precipitation of Aly03 may occur in the coating waste if" the caustic
concentration is too low, ~Bismuth Phosphate Plant practice has meintained
a caustic concentration of about 5% in the cootingeremovel waste, No A1203
precipitates before the solution is sent to undergreund storage under-
these conditions. Redox Plant practice in this respect is identical, the
1370.1b, NaOH charge representing & caustic concentration of about 5% in
;he coating waste solution, The pH of the coeating waste solution is about

2 to 13,

Sodium hydroxide dissolves the aluminumesilicon alloy, but the thin
tinmaluminunesilicone-uranium compound layer on the surface of the slug is
. only partially removed by the undercutting end disintegrating action of
the caustic, The coating waste solution contains less than 0,1% by weight
of these suspended solids, and a portion of the suspended material is -
removed from the Dissolver with the coating waste,

h. Effect of Sodium Nitrate Concentratlion

The coatingeremoval step is comparatively insensitive to variations
in sodium nitrate concentration, Concentrations as low as 104 are satise
factory for suppression of hydrogen formation, but there is some evidence
that solid residues are more completely removed from the Dissolver with
the coeting waste solution if the coating~removal solution containg about
204 sodium nitrate. .

5. Slug Rinsigg

A water flush of the slugs after coating waste has been removed serves
to flush the Dissolver of residual alkalinity and also to remove additional
sugpended solids. ; : :

. A 5% nitric acid rinse is added to the Dissolver following the removal

of. the water flush, The dilute acid serves Lo remove, at least partially,

the remaining thin aluminunesilicontineuranium scale left on the surface

of the slug after jacket removal, Recent developments have indicated the

possibility of dispensing with.this acid rinse if the small additional

amount of aluminum, tin, and silicon in the uranium solubion is not detrie

mental to subsequent process operations, (Sce Subsection D2, Clarification,) -
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1, Propertics of Uranium

00

. After the aluminum jacket is removed, the bare uranium slug is

. expased, Uranium js a silverecolored metal which resembles nickel
in appearance and is cepable of taking a high polish, However, the
metal surfacc oxidizes to & golden color after a few hours! exposure
to air, and after severzl days the tarnish bccomes dark brown,
Uranium melts at about 11009C, (2010°F,) and boils at about L300°¢C,
(77709F,). Its density is almost 19 g,/cu.cm, (1185 1b,/cu.ft.)
which is nearly twice that of lead and approximately the same as
gold and tungsten, A solid cube of uranium with sides slightly over
1 in, long would weigh one ton, :

When heated to about 1709C, in the presence of air uranium starts
to burn, Thus, & vacuum or inert atmosphere is required for melting
the metal, Finely divided uranjum burns spontancously in air and
"sparks" when mechincd, sawed, or filed, Uranium in the finely divided
form also slowly decomposes cold water, The rate of reaction becomes
quite vigorous at the boiling point of watcr, -

2 Chemistry of Uranium-Dissolving .

Uraniun mctal is dissolved and oxidized by nitric acid to uranyl
nitrate, U02(NO3)2, Since uranyl nitrate erystallizes as the hexahyw
drate, UOg(NO3)2a6H20, uranyl nitrate solutions are sometimes referred
to as uranyl nitrate hexahydrate (or UNH) solutions. The properties
of UNH solutions are discussed in Chapter IV, Under conditions of

-normal dissolving, uranium is oxidized essentially quantitatively to
the (VI) state by the strong oxidizing action of the nitric acid,

The rate of the uraniumedissolution reaction varies direcctly as
the temperature and acid concentration, The following equations indicate
the chemistry of the reactions: o

 UrHNO3 ——> U0, (1105) g+ 2HO+2H,0

o bibmiog ~—'_->U02(1\1_03)216N02+y}120._
Since in actual practice.in the Bismuth Phosphate Plants it has been
found that about 5.5 moles of acid arc consumed per mole of uranium,
~ the composite dissolution reaction &t the boiling .temperature, 101 to
-108%,, may be expresscd asi o ' S

U+5,5HNOy ——> U0, (203)5+2, 25N0, +1,25K0+2, T5H,0,

The amount of nitric acid consumcd depends upon the ratc of removal of
nitrogen gases, which, in turn, is a function of the design and opera-
= tion of the Dissolver Column and the rate of air leakage into the
Dissolver, Other variables affecting acid consumption are temperature
and acid concentration, As indicated in the equations above, both NO
and N02 are cvolved when uranium is dissolved, In the presence of air
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which leaks into the Dissolver by virtuc of the negative pressure main
tained therein, most of the NO is oxidized to MO0s. A portion of the gas=
cous mixture is condensed by the condenscr and rofluxed down the column
2s nitric acid, The reflux tends to scrub the N02 from the riging gasca.

The heat of formetion of wranyl nitrate ranges from 1472 Bat,u./lb.
at 189C, for UOp(NO3)2 to 2713 B.t.u./lb, at 189C, for U05(NO3)2+6Ho0,
If the concentration of the acid charged is about 50% by weiggt or higher,

the liberated heat is sufficient to keep the reacting mixturc at the boile
ing point, '

3, Chemistry of Plutonium Dissolving

The relatively small quantity of plutonium which has been formed from
uranium in the piles is distributed throughout the slug, However, the
concentration of tho plutonium in the slug is not uniform, there being a
concentration gradient from the outsidc of the slug to the core, Plutonium
concentration near the slug core is approximately three quarters of that
near the outside surfaces, Plutonium is oxidized by nitric acid during
the dissolution step to cither the (III) or (IV) oxidation state and forms
soluble nitrates, Plutonium (IV) is the predominant state since Pu(IIl)
1s quite easily oxidized to Pu(IV) by the nitrite impurities always pres-
ent in mitric acid, There has been no indication of any appreciable
oxidation to the (VI) state, The dissolution reactions for plutonium
are enalogous to those for uranium, One reaction for the (IV) oxidation
of plutonium may be written:

- Put+8HNOg —-—> Pu(N03 )+ LliOy+LH20,

A more detailed treatment of plutonium oxidation is given in Subsection
C2 which indicates that the equation listed above mey reprcsent a great-
1y simplified statement of thc reaction,

Normally, Dissolver solution is glightly acidic after the dissolution
reaction is arrested, However, dissolving to. reduced residual acidities
or to acid deficiency increases the likelihood of plutonium (IV) polymer
formation., This possibility is discussed further in Subsection C2.

L. Distribution of FissionwProduct Elements During Dissolution

Fissionproduct elements are present in the uranium slug in approxie.
mately the same total welght as plutonium when formed in the riles., As
the slug "cools" the radicactive elements decay toward stable (1.84; NON=
radiocactive) forms, The wide variety of the radioactive elements present
ineludes species which are volatile, as well as species which are both
soluble and insoluble in nitric acid, :

The acidesoluble materials carry along with the uranium solution une
't11 selectively removed at subsequent points in the process.

The nitric acideinsoluble materials arc present in very small quan-

tities and do not necessitate special handling procedures for the uranium
solution, '

i
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The volatile material of greatest impertance is radioiodine, Radio-
Xenon is present in smaller quantities; radickrypton, in somewhat larger
amounts; but they have less radiological importance since they do not
tend to concentrate in living tissue as does iodine, Due to thg long
half life of kryptene85 (9.4 years), eventual slight contaminatlon.of
the earth®s atmosphere with this e¢lement may occur unless removal is
ultimately effected. However, it would take the continuous development
of about 105 megawgtts of nuclear power to bring the atmosphere of ‘the
earth (assuming unjform-dilution) to a concentration of kryptonw85 equiv.
alent to the activity associated with the radon and thoron naturally
present in the atmosphere,{17) & propertion of all of the volatile
elements appears in the Dissolver off-gas; about 50% of the iodine is
liberated there, It is expected that a negligible proportion of the
iodine will be liberated from the Oxidizer (since iodate formation is
enhanced by the oxidizing conditions prevailing during ruthenium dis-
tillation). The fate of iodine during solvent-extraction is not known,
The bulk of the iodine activity, becausc of the physiological hazard,
should be removed before off.gas disposal to the atmosphere,

The following table lists approximate quantities of the important
fissionmproduct elements liberated during dissolving at 90 days after
slug discharge from the piles:

. Countable Curies
Fis=zion Flement Bose Lurics/Day  Gamma Curies/Day

1tob 2 to 10

0.5 to 2 0.5 tg.\

100 to 300

The quantity of indine listed above is reduced by a factor of about 1000
by reaction with silver before being discharge to the atmosphere,

5. (General Discussion

The normal Dissolver charge of 7700 1b, of uranium (about 1960
fourwin, long slugs) is disselved in threc increments after slug jackets
have been removed, A hcel of about 2000 1b, of uranium normally remains
in a Dissolver before charging of a new batch. Since the dissolution
is chiefly a surface reactlion, & more uniform surface-area relationship
per cut exists if the heel of one charge, having a relatively small
surface area, is hecld for the ncxt charge, Attempts to dissolve to no
heel would requirc too long a time due to the progressively smaller
slug surface area prescnted to the nitric acid, Furthermore, since
plutonium distribution throughout the slug is not uniform, maintaining
2 one=ton heel of core material in the Dissolver tends to equalize what
might be even grcater differences in the plutonium concentrations of
each cut, Solution blending in storage tanks after discharge from the
Dissolver also tends to minimize these differences.
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During the dissolution perioc about 1500 1lb, of nitrogen oxides are
gvolved per 2600-lb, Dissolver cut, It is expected that radioiodine will
be largely removed before the offegas is discharged from the atack.
Radioxenon and krypton content, on the other hand, will not be reduced,
except for the effects of radiocactive dccay.

The rate of xenon evolution from the Dissolver is approximately pro-
portional to the rate of the uranium~nitric acid reaction, The rate of
iodine evelution indicates that once the Dissolver reaches the boiling
point, the column reflux tends to scrub iodine out of the offwgas. When
most of the acid has been consumed in dissolving, the acidity of the rew
flux falls off and iodine again leaks through the column, EBEvolution of
radiocactive gases essentially stops when the chaerge is diluted and cooled, -
The explanation of varying iodine concentration in disseolver off-gas has
been checked by laboratory experiments during which it was found that
jiodine was lost from a rofluxing sclution of dilute nitric acid but not
from & refluxing solution of strong acid.

In general, the first two Dissolver cuts require asbout the same
length of time for completion, It is believed that the corroded and
pitted slug surface at the start of thc second cut has about the same Sur
face area as the relativelym.coth surface of the slug at the start of the
first cut in spite of rcduced slug size, The third cut requires more time
than the first two (about 7 hours as comparvd to 5 hours) and reflects
the deereased surface area due to still further reduced slug size. An
inecrease in the amount of heel carricd teonds to incrcasc the speed of the
reaction,

L

The use of initial nitric acid concentrations below 60k by weight
is not efficient because of thc slow reaction ratoe, Acid strengths up to
70% havc been used in semiworks studies on single batch charges, Higher
acid concentrations increasc the reaction rate but also increase the
corrosion rate of the Dissolver, From the standpoint of both vessel
corrosion and reaction rate, 70% nitric acid is thc maximum acld strength
permissible, and even this concentration is not recommended for multiple
batch dissolving,

Dissolving is continued until & specific gravity of 1,82 (at boiling
temperature) has been reachod, This specific gravity indicates almost
total consumption of nitric acid, Usually it is not possible to predict
the composition of & threeecomponent mixture (UNH-HNO3wHp0), but in this
case, HNO3 in the small residual quantitics that remain has little effect
on the specific gravity., Hence it is impossible to control nitric acid
concentration in the UNH solution by means of specific gravity measurcw.
ments near the point of zero acidity (0.2 M to «0,2 M HNO3)., Figure
1IT.l presents specific gravity of UNH solutions as a function of weight
per cent of UNH at 0, 2, and 5 por cent free nitric acid concentrations,(7)

A wator rinse solution is added to the slug hecl in the Dissolver
after transfer of the uranium solution, The rinse solution covers the
heol until the succeeding charge 18 scheduled for loading into the
Dissolver. This arrengement allows use of Dissolverwcoil cooling water

for removing the heat of radioactive decay.
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C.  OXIDATION AND . UTHILIUL DISTILLATION

1. Introduction

The Redox IA Coiwmn is desigied for the cxtraction of plutonium
(VI) into the organic phasc with a loss of less then 0,29 into the
aqueous waste, Plutonium in froshly dissolved slug solution exists
chiefly in the (IV) oxidation state, It is oxidized to the (VI)
state in the Oxidizer, Hali, Erough holding oxidant (sodium dichromatc)
is maintained in solution to insurc that the plutonium rerains in the
(VI) state until its extraction into the organic effluent stream of
the IA Column,

Dissolver solution contains uranium as U{VI), This oxidation
state extracts satisfactorily in the IA Column, Hence no specific
preparation steps for uranium (other than concentration adjustment)
arc requirced prior to solventeextraction,

Radioruthenium is limiting as far as dccortamination of Redox
product streams is concerned.(®) & significant gain in overall fissicnw
product decontaminatlion mecy be attained if the bulk of the ruthenium
is removed from solution prior to feeding to the Extraction Battery,
Host of the ruthenium may be distilled out of solution if it is
oxidized to the volatile coupound, rutheuiuwm tetroxide (Ru0y ), The
sparging action of 2z carrier gas aids in carrying away thc RuQ),

Favorable results of headwend treatment methods (ruthenium removal
plus niobium and zirconium scavenging, desceribed under D3 below) may
make possible the elimination of the third solvent-extraction decon
tamination cycle; very efficicnt headecnd treatment brings nearer the
attainment of required fission-product decontamination factors for
product streams in & singlc cxtraction cyclc,

Firstecycle ruthenium decontanination ney be improved by factors
of 10 to 50 by utilization of a rutheniun distillation step., Gross
fission=product decontamination is improved by factors of the sams
order of magnitudu.(5) The distillation operation is accomplished
in the Oxidizer morc or less concurrently with plutonium oxidation
procedurcs,

2. Plutonium Oxidation

2.1 Chemistry

Flutonium in solution nay cxist in the following states of oxidae
tion, each of which cxhibits & characteristic color: Pu(III), blicm
violet; Pu(IV), brown-grecn; Pu(V), colorless; and Pu(VI), pinkeorange,

The plutonium i dissolver solution is preponderantly in the Pu(IV)
state if the normal dissolving techniques arc employed, (See Section B,
above,) Plutonium (IIT) also exists in dissolver solution, but it is
rather readily converted to Pu{IV) in thc presence of oxidants since
only a single-clectron transfer is involved,

o— DECLASSIFIED -



(L — . DECLASSIFIE

Aqucous nitrato comploxéé’of Pu(IV) exist in scidic dissolver solution,
The first reaction apparcutly is:

Pt b+ 05" —> Pu(iog)F 3,

However, nitrate complexes up to and 1nclu?igg Pu(N03)6-2 are probably
present in stronger nitric acid solutions. 3 ,

Pu(IV) may also exist in thc colloidal or polymeric state, The
polymer scems to be a complex. mixture of highemolecular-weight, hydrolyzed
species of Pu(IV), Hydrolysis is believed to proceed stepwise by the
addition of (OH)™ groups to the Pu(IV) ion, The average formula of a high
moleculars eiﬁhg polymer near a pH of 2 has been reported to be
Pu(oH)*g- I T _

]

Formation of a brown color in Pu(IV) solutions is indicative of the
presonce of the Pu(IV) polymer. The polymer is colloidal in nature, a
rough estimate giving about 20,000,000 as the molecular weight and about
140 Angstrom units as the diamctor of particles formed at 2 pH of about
1.7.(1 § Usually the polymer is formed only at low aciditics (0.1 M or
less) or in basic solutions, Since the Dissolver solution will normally
be about 0,2 M in nitric acid, the formation of the polymer should be
largely avoided, If dissolving 1s carried o very low residual acidities
or to acid deficiency it may be formed iu considerable quantities, DBew
cause the polymer is relatively hard to oxidize and difficult to extract
into hexone without oxidation, streruous oxidation cfforts, such as

- treating for 2 to 6 hours with C,1 N sodium dichromate near boilin%
temperatures, might be required in the cvent of polymer formation, 21)

It has been shown that plutonium (V) and (VI) exist as the plutonyl
ions Pul,* and Pu02++. Floctromotivoeforce measurenments on cells containe
ing Pu(I%) in disproportionation equilibrium arc consistent with the
following rcaction:

. by 2RO ——>2Put3 + Puoytt 4 LHY

The oxygen-plutonium bonds in Pu(V) and Pu(VI) scem to be at least partially
covalent in character, Thus, an oxidation or reduction of Pu{II1) or (IV)
to or from Pu(V) or (VI) involves the making or broaking of covalence

bonds and not just simple clectron transfors. A singleeclectron transfer

is involved, on the other hand, in the oxidation or reduction reactions
between Pu(III) and (IV) and between Pu(V) and (VI). These facts explain
the relatively high vate of oxidation of Pu(III) to (IV) or Pu(V) to (VI)

as comparcd to the oxidation of Pu{IV) to (VI), for cxample.

There 1s some cvidence that Pu(VI) associates weakly ?i?h the nitrate
jon at low aciditics accordinz to the following reactions:\
++ - +
Pu02 + NO3 —— Pu02 N03

++ S— _
Pu02- + 2N03 > Pu02 (NOB)Z'
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The cxtractior: coeflicient (i,c., phascedistribution ratio) of
Pu(VI) into the organic phase in the oxtraction columns is nearly twice
that of Pu(IV)., The oxidation of plutcerdium to the (VI) state is ro=-
quired since the IA Colwn is designed on the basis of Pu(VI) extraction,

2.2 Oxidation techniques

A nunber of oxidizing agents havc been proved effective for the
oxidation of plutonium to the Pu(VI) state. Among them are sodium
dichromatc (NaQCr 07-2H20), potassium permanganate (KMnOh), ceric
nitrate (Ce(NO3)h§, ancd ozone (03).

The oxidation operation as carried out in the Oxidizer is relatced
to the volatilization of rutheniws since the oxidation of piutonium by
certain oxidizing agents alsc carries the ruthenium toward its (VITI)
oxidation statc and volatilization as ruthenium tetroxide (Ruoh).

Both potassiun pernanganate and sedium dichromate are added to the
Oxidizcr., Although the pernengenate exidizes plutonium to the (VI)
state its chief purposec is thc oxidation of ruthenium to its volatile
tetroxide, Ruoh, and cventually the KMnOh is ecompletcly destroyed,
Sodiun dichromate is utilizoed in seluiioll chicfly as a holding oxidant
to maintain plutoniwa in its highest oxidation statc, cspecially
through the IAF adjustment step whorce the solution is made acid dew
ficient, If no holding oxicant werc present at this point partial
reduetion of Pu(VI) to Pu(IV) would take placc with the possible formom
tion of the difficultwto~cxtract Pu(IV) polymcr,

3e IDuthenium Dis*illation

3.1 General

Decontamination factors obtainsble in both the uranium and plutonium
extraction cycles of the Redox process arc largely limited by the presa
ence of radiorutheniuwm, Thc ruthenium in the Dissolver solution Pro=
duced from 90-day "cooled" uranium comprises about 5 to 8% of the total
beta activity of the solution and approximately the same proportion of
gamma activity, Although 95 per cent or more of the radiocactive rutheniunm
present in the Dissolver solution generally favors the aqueous phase,
oh the order of 1 per cent of this ruthenium is present in a different
form which exhibits an organic-tceaqueons phase.distribution ratio on
the order cof 1.0, or higher, This small fraction of the ruthenium
extracts into the hexcene, accompanying the uranium and plutonium, and
hence limiting decontamination,

If no specific ruthenium-removal steps are accomplished prier to
solvent-extraction, the proportion of total radioactivity due to
ruthenium in the firste-cycle uranium product stream rises (from 5 to
8% in the Dissolver solution)to about 80 to 90% for beta activity and
about 65 to 75% for gamma activity. The proportion of ruthenium
activity increases gomewhat in the uranium product streams of subsequent
cycles, The activity due to ruthenium in the first=cycle plutonium
product stream amounts to about 60 to 70% of total beta and 25 to 35% of
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totel gamma activity, These percentageg alsc incrcase fer the product
streams of subsequent plutonium cycles, 20) 1f, then, some method for
removing the major portion of ruthenium activity prior to solvent-eXe
traction were available, the overall Redox figsioneproduct decontaminge
tion factors could be considerably improved, Removal of ruthenium by
oxidation to the volatile tetroxide (RuOu) and stripping from sclution
by steam or air accomplishes this end,

In the course of invcstigations of the ruthenium-removal problem, it
has been noted that at least three species of radioruthenium (which have
been named Aj, hp, and B) exist in dissolver solution,(28) These species
exhibit different rates of oxidation and different phase~ditgtribution -
ratios for solvent-extraction, The ruthenium composition of the solution
is largely determined by its past history.

Leboratory results have shown that species Aj.and &p, are the easiest
species to oxidize and remove from solution.(28) "The extraction coeffle.
cient for species B is about one fourth of the combined ruthenium (species
Ay, Ap, and B) extraction coefficient for untreated dissolver. solution,
Thus, the removal of species Ay and A, simulteneously, increases slightly
the ruthenium decontamination attaineble across the IA Column, However,
all specles, after extraction into the hexone phase, behave as if a small
fraction of the ruthenium exhibits an organicetoezqueons phase~distribue
tion ratioc of 1.0 or greatur., At Redox process conditions the portion
of ruthenium which favors the hexonc phase (and hence does not decontame

“inate readily) is on the order of 1 per cent of the total ruthenium

present, Ruthenium decontamination is thus limited by the presence of
this "inextractable® (or more properly tungerubbable™) species, The
behavior of ruthenium during solvent-extraction is treated further in
Chapters IV and V,

Tnasmuch as the nature of the ionic or molecular species in which
ruthenium exists in dissolver solution has not been e.gbablighed, it is
impossible to write a complete equation for the oxidation reaction. If
the ruthenium oxidation state 1s (IV), as is generally assumed, & four=
electron change is involved in the conversion to Ru0),. Consequently,
the reaction is probably stepwise, with ruthenium (VE) as an intermedis
ate.(?8) The necessity for passing through such an intermediate oxidation
state may be one of the factors responsible for certein phenomena such
as the Minduction period" deseribed in Subsection 3.2,

A number of oxidizing agents were tested for effectiveness in oxidiza=
ing ruthenium to Ru0p. The most promising agents were found to be potase
sium permanganate (KMnOp) and ozone (03)s The use of each agent is dise
eussed in more detaill below,

3,2 Ruthenium distillation by means of ozone

Redioruthenium may be oxidized to the (VIII) state, as RuQj, by
sparging hot (90°C,) dissolver solution with ozone in an alr carrierwgas

stream at the rate of about 0,13 cu,ft./min, per gal, of solution. In

general, the rate of RuQ) formation and removal increases with solution
temperature, ozone concentration and flow rate, and efficiency of ozcne

dispersion in solution. Preliminary resuﬁmﬁ dependence on
b o | ".Ea* DE

—




TP L L L N - . LI

-G
e DECLASSFED ... _—

HNO3 concentration in the ronge of -0.15 M te 6.3 E.(29) Approximetely
85 to 95% of the totol ruthenium has been removed by ozonization in
semiworks studies.(5)

During the sparging period the ozone seems to act, first, as =
liguid-phase oxidant for ruthenium with liberotion of Ru0y, and,
second, as a gaseous-phase holding oxidant to minimize ruthenium
reduction and deposition on equipment in contact with the gaseous
phase. -

The rete of ruthenium removel from solution is roughly proportion-
al to the ozone concentration and rote of fléw of the sparge ges.
However, ozonizetion on & plant scale imposes a practical limit on
concentretion; it may be cheaper to spsrge for a longer period with
reduced ozone content in the air. Two weight percent o¢zone in air
la & practicable rete for production use, snd this concentration
appeers to be adequute for ruthenium oxidetion and RuQl, removal.

A definite period of time elapses between the stert of the

ozone sparge end evolution of Rueg in measurable quantities.(QB)

i% has been postuloted that this "induction period" is a measure of
the time reguired to oxidize some of the other eclements in solution.
Perhaps os long os these impurities sre present in their unoxidized
states, eny ruthenium compound intermediste in the formation of Ruly,
is reduced before it c¢an be oxidized further snd swept from solution
as the volatile tetroxide.(28) vidence supporting this explenation
.of the induction period is provided by results which indicate that
induction time is inversely preporticnal to czone concentration, and
that a strong liquid-phsse oxidizing agent mey reduce induction time
markedly. Simplc ozone sporging of the dissolver solution has resulted
in induction times of up to 20 hours in semiworks studies; however,
the eddition of small smounts (0.01 to 0.03 M) of e strong- oxidizing
agent such os potassium permengonete (KMnOu) to the solution tefore
sparging has reduced induction time to less then 2 minutes on 2 lab-
oratory scele end less than 30 minutes on ¢ seniworks scale.(4,28)
On the other hand, substitution of NeoCrp07:2H20, a slightly weaker
oxidizing sgent than KMnO), seems to have no beneficinl effect in
ghortening the induction period. (This would be expected if the
induction period is coused, at lesst in part, by the chromic ion
resulting from the corrosion of stainless steel.)

Once RuQy volstilization has begun, it proceeds et z rote peculier
to each of the three species of ruthenium. Bpecies Ay 1s most easily
oxidized and removed; species Ap 1s next; and species B is much the
least easily oxidized ond removed. The rate of ruthenium volatilizatien
is reasonably uniform during species A1 and Ap removal but levels off
markedly when the bulk of these two species is gone. However, since
species A and Ao together comprise sbout 80 to 98% of the ruthenium,
it appears desirable to disceontinue further ruthenium volatilization
once the leveling-off period is reached. Semiworks studies show a
ruthenium-removal rote of about 15% per hour (=fter the end of the
induction period) levecling off at about 85% removal for ozonization
without KMnOL in solution. Ozonization of a feed solution with KMnOy
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present results in a ruthenium-removal rate of about 40% per hour level-
ing off at about 95% removel.(*)

When an ozone-induced ruthenium-volatilization operation is employed,
the ruthenium decontemination factor of the first-cycle product streems
(IBP and ICU) is improved by factors ranging from 10 to 50 (semiworks
results) or 100 to 500 (laboratory results) over those for a flowsheet
vwhich has no specific ruthenium-removel steps prior to solvent-extrac+ '
tion.(5,28 Gross fission-product decontemination is improved by factors
of the same order of msgnitude.

3.3 Ruthenlum distillation by means of potassium permangsnste

Potassium permengenste will reedily oxidize ruthenium to ruthenium
tetroxide. Three techniques which have been successfully demonstrated
for ruthenium removal from solution by KMnO) oxidetion are:

(a) sperging the approximstely 0.03 to 0,08 M KMnOy solution with
air or nitrogen at operating temperatures of 90 to 95°C.;

(b) sparging the approximetely 0.03 to 0.08 M KMnOj solution with
steam 8t the boiling point of the solution; and

{¢) eimple boiling of the approximately 0.03 to 0.08 M KMnQ)
solution,

In techniques (a) end (b), en adequate rate of sparging is about
0.13 cu.ft./min. per gal. of solution. In all three cases the volatil-
ization operation may be continued until the rate of RuQy removal levels
off, indicating practically complete specles A, and A, removal.

Technique {a) and the use of an air spargent is preferred in the
Redox Plant because of the condenser capacity limitation for the vapor
mixture evolved, If techniques (b} or (c¢) were used, increased ¢ondenser
capasity for the carrier gas (water vapor)} might have to be provided.

Potassium permengenate is a better oxident for dissclver solution .
than ozone along and neerly or equally zs good as the ozone-permanganate
combinetion. This fact has been demonstrated during study of ozoniza-
tion technigues where it was found that the long induction periocd before
stert of measurable RuO} evelution using ozone alone was shortensd to a
matter of minutes by moking the solution 0.01 to 0.05 M in KMnQy. In
addition, the same short induction time and equally effective ruthenium
removal has been demonstrated when using permengenate without ozone. 5
The overall time saving aettaineblc by use of KMnOy is one of its chief
advantages over use of ozonc (in addition to elimineting the installation
and operating costs of ozone-generoting equipment).

In addition to the removal of RuQ) from solution due to KMnOy,
oxidation, it is desirable to hinder potentisl gaseous-phase reduction
which would deposit ruthenium in lines end equipment. In laboratory -
experiments on the 35-ml. scele, carried out at Hanford in stainless
steel equipment, almost complete deposition of ruthenium in lines and
equipment in contact with the gaseous phnse was observed in KMnOy
volatilizations made without ozone. In volatilizations made with ozone
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the deposition was slight. However, semiworlks data (35-gel. scale),
obtained at S.P.R.U., have indicated no significant difference in the
deposition of ruthcnium from the gas phese when KMn0Q), elone, ozone
alone, or both KMnOy and ozone are employed. The S.P.R.U. studies

did not prove the presence or absence of ruthenium deposition on tank
or line surfaces in contact with the process liquids. The extent and
nature of ruthenium deposition thercfore remmins controversial. How-
cver, even if sll the ruthenium were deposited, an equilibrium activity
concentration equel to about 6 to 7 times the total-fission-product
gomma activity charged per day to the Oxidizer would be approcched,(31)
Such an activity level would not alter shielding reguirements as
presently specified and designed into the Plant. It has been hypothe-
sized that trace amounts of Mn>07 in the gesecous phase may serve as a
holding oxident for RuQy, (preventing total deposition) in the case of
EMnOj; oxidation,(28)

Experiments heve indicated thot, during the oxidation of many of
the components of the solution and the evolution of RuQy, a gredual
reduction of Mn(VII) to Mn(IV) takes place. The degree of Mn(VII)
reduction depends on the history and composition of the solution as
well as on the specific oxidation techniques employed. The use of
KMnO) as a ruthenium oxidont is desirsble from another point of view
since the reduced Mn(IV) ion forms mangonese dioxide (MnO,), a
precipitete which acts us o scavenging agent for certein other
fission-product elements, notebly zirconium end nicbium. This topic
1s discussed in detsil in the succeeding section. Furthermore, if
desired, Mn(VII) moy be reduced to Mn(II} by the addition of excess
chromic nitrate to avoid the formation of o precipitate.

When & permengnnote-induced ruthenium volstilization operation is
employed, the ruthenium decontamination factors of the first-cycle
product streoms (IBP and ICU) are each improved by a factor of about
20 to 50 (semiworks results) over a flowsheet which has no specific
ruthenium-removel steps prior to solvent extraction. Gross filssion-
product decontamination is improved by approximately the same cmount.(5)

D. CIARIFICATION AND SCAVENGING

1. Introduction

The urenyl nitrate solution produced by dissolving irrodiated
slugs conteins smell arounts of suspended solids. These particles are
mainly silicious in nature but nlso contain considerable quentities
of tin in the form of netos4onnie acid. The silicon is partinlly in
the form of metosilicic scid and portially 2s elenmental silicon. Trace
amounts of other clements are found in the prrticles. The solids
apparently originote from bonding rnterinl between the uranium slug
and aluminum jacket.

The presence of the suspended solid porticles beyond certain

tolerance amounts appears to make vhase seperation in the Extraction
Battery more difficult as determined by phase disengagement time studies.
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In addition, potential deposition of the solids on Extroetion Battery
‘packing might ultimetely lower column throughput copacities and make
necessary special flushing procedures, It 1s possible that solids accu-
muletion might eventually impoir the operation of flow-neosuring end flow
control devices.

Several methods for clorifying dissolver solution by removal of
some of the suspended solids are ovaileble. They ere included in two
major classifications occording to process, as follows:

{e) filtration, eithcr with or without filter oids; end
(v) centrifugetion, cither with or without scevenging agents.

Filtration without filter aid hos proved umsatisfactory because some
of the solids are gelatinous end tend to plug the pores cf the filter
media, Filtration with & filter aid such as Super Filtrel F.0., 2n acti-
vated clay, has generally proved sctisfactory for solids ramoval.?l9?

Centrifugation is fovored over filtreation for solids removel since
fewer mechanical difficulties ere onticipeted on a plsant scale.  If a
scavenging agent is used, meny of the fine suspended solids in solution
may be intercepted by porticles of the scavenger with o resultent improve-
nent in the ease of sclid-liquid phese seporation (provided the scavenger
itself does not contoin lorge omounts of fines of the same size range as
the suspended solids). Without o scavenger a longer time of solution
holdup in the centrifuge bowl is required to achieve the same degree of
suspended-solids separation.

The use of ¢ scavenging ogent to 2id in solids removal during centrif-
ugation offers cnother advontage. It has been demonstroted that radio-
zirconium and niobium (rciicelements which, next to ruthenium, ere major
Tission-product constituents of the Redox product streams) ore adsorbed
on certain scevengers and moy be seclectively removed when the scavenger
is separated from the solution, Efficient odsorption of zirconium cnd
niobiun together with sdequote ruthenium removel by distilletion (as
descrited in the preceding section) brings nearer the attaimment of
required fission-product ceconteminetion factors for product streems in
one extraction cycle end may, in any event, eliminote the need for using
the third solvent-extraction decontemination cycle.

A number of meterials have been tested for volue as filter oids or
scavenging agents. Most importont emong them ere "Super Filtrol F.0."
ond mengenese dloxide, Super Filtrol ¥.0., a commerclel product, adsorbs
up to ebout 99% of the zirconium ond approximately 80% of the niobium,
with proper operational technigues, in eddition to its good efficlency
as a filter old for silicicus porticle removol. A disedvantage of ueing
Filtrol in the plant is thot it is & relatively insoluble solid, snd must
be handled in slurry forn.

A fine precipitate of mengonese dioxide may be formed in the dissolver
solution by reduction of the permanganete ion. Monganese diloxide, too,
acts as an efficient ascavenger for nicbium and zirconilum. One of the

 importont advantages of nongenese dioxide as a scavenger results from tue
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fact that the solid phase can be dissclved efter separation from the
liguid., The resulting waste solution may be handled much more conven-
iently then can a slurry.

2. Clarification

Clarification, as ¢ tcrm opplied to oxidized dissolver sclution,
implies the partial removal of suspended porticles frem solution. An
erbitrary procedure for clarity neesurements involves comparison of
the degree of transmission of 645 millinmicron wave-length light by the
sample with the light tronsmitted by distilled woter.(19

The exact process significance of dissolver-solution clarity is
difficult to establish positively. In some degree it is a measure of
the relative eose with which the organic and equeous phases disengange
in the extrection ¢olurm. An incresse in disengoging time generally
indicates an increasing tendency toward ernulsificaotion. But there
has been soune evidence that emulsification can occur even with feed
solutions whose clarities would normolly be censidered satisfoctory
(about 90% of the light tronsmission of the distilled woter standard).
Presumobly, this conditicn is caused by polymers of metesilicic acid
poessing the centrifuge.(16)

The emulsification charccteristics of dissclver solution seem to
be chiefly ¢ function of silicon content. Silicon concentratioms in
the vicinity of 60 p.p.m. moy cause emulsificotion; those about 30 p.p.m.
or less usually dc¢ not., The silicon content of the bonding material
between slug and jacket averages sbout 5000 P.p.ct. of the uranium in
the slug while the silicon inpurity in the uranium usually is in the
range of 20 to 170 p.p.n.{(18)

A higher than normel silicon content of dissolver solution may
result from (a) greater than average silicon content in the uranium,
(b) contamination of the dissclved uranium with silicon from the
bonding layer between the slugs and their aluminum cans, or (c)
silicon picked up by the solution from high-silicon sludge which may
accumulate in the dissolver. These conditions leeding to excessive
silicon in the dissolver solution must usually be associated with less
effective suspended-particle removal in the centrifugetion operation
in order to have silicon in the feed solution in sufficient guantities
to cause emulsification.

In most cases, the tendency toward emulsification decreases as
suspended particles are removed. Experiments have shown, however, that
not all solid particles have the same effect in the inclinastion toward
producing emulsification. Thus it is decidedly possible for a feed
solution to exhibit less-pronounced emulsification characteristics afteyr
@& centrifugetion with & scavenger although there may be no net improve-
ment in clarity. Presumably some of the original suspended solids have
been replaced with fines from the scavenger which carry over into the
centrifuge efflucent.

The Redox Plant provides a CQentrifuge through which oxidized
Dissolver solution is routed. The Centrifuge bowl diameter is
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40 inches and it has & running holdup of about 60 gal. of sclution. The
Centrifuge will rotate at a speed of either 870 or 1740 rev./min.; these
speeds produce, respectively, a centrifugal force at the bowl wall of
430 and 1730 times the force of gravity. The speed of 1740 rev./min, is
required for a reasonable degrees of suspended-perticle removel, i.e.,
improving the clarity of the solution from about 75% to about 90% (dis-
tilled water etenderd).(25)

It would be expected that centrifugetion without a scavenging agent
in solution would remove scme of the larger solid perticles and hence
improve clerity. Furthermore, with e scevenger even more of the solids
should be adsorbed or screened out. Both of these conclusions are sup-
ported by experimental evidence. Use of a scavenger, however, may add
fines to solution due to carry~over of the scavenger fines from centrif-
ugation.

A running holdup time in the Centrifuge bowl of twenty minutes
minimum should be malntained for Super Filtrol acavenger-contalning
solution in order to attsin adequate solid-phase separation. 2
Holdup times should be somewhat longer if no ecavenging agent is used.
Increase of centrifugel force, whether or not scavenger is used, in-
croages the rate of solid-liquid phase separation and hence improves
ultimete clarity.

In addition to holdup time and contrifugal force, a third variable,
quentity of scavenger per unit volume of solution, 1s avallable if a
scavenging agent is used. Increasing quantities of Super Filtrol
scavenger, up to a limit of about 2% by weight, improve clerity., Amounts
of Super Filtrol in excess of 2% by welght seem to have no further bene-
Fieial sction o? clerity, end in some instances the effect may be slight-
1y detrimental.(25)

Dissolver-solution clarification and the selective scavenging of
niobium ond zirconium sre operations difficult to segregete since any
secavenglng agent utilized specifically for niobium and zirconium adsorp-
tion will also act es o scavenging cgent for suspended-solid perticle
removel.,

Subsection D3, below, discusses scovenging in reference to flsslon-
product edsorption end should be considered together with this section.

3+ Scavenging of Zirconium and Niobium

3.1 Scavenging with Super Filtyol F.0O.

Super Filtrol F.0. is sn activated cley consisting chiefly of 519,
and AlpO3: It is the trade neme of e product of the Filtrol Corporation.
The individual porticles of Super Filtrol F.0. renge in size downward
from that Jjust possing through 10C-mesh screen {150 microns) to a size
in the renge of @ to 20 microns. About half of the Filtrol (by weight)
is in the 0 to 20-micron size range. Flltrol exhibits the property
of adsorbing o high proportion of the zirconium and niohbium from
oxldized dissolver solution. Small omounts of other fission products
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are adsorbed, tut the adsorption of zirconium and niobium is most
important since the activity due to these elements constitutes e

mojor portion (efter ruthenium) of the ectivity in Redox product

streams.

The teble below gives approximote guontities of %irgonium and
niobium present in dissolver solution at 90 deys age: 20

Counteble Curies

Fission Element Beto Curies/Dey  (emma Curies/Day
Zirconium 8000 to 12,000 20,000 te 30,000
Niobium 2000 to 4000 40,000 to 60,000

The edsorption efficiencies of the scaovenger are appesrently
increased with incressing tempercture; they seem to be independent
of the age of the dissolver solution. A Filtrol scavenger concentra-
tion of about 60 groms/iliter in hot (1009C.), oxidized dissolver
solution will adsorb on the order of 97 to 99% of the zirconium and
about 70 to 80% of the nicbium., The sdsorption efficiency scems to
be independent of ccidity in the pH renge -0.3 to 1.%.(21) Multiple
contacts of this scavenger toteling 60 grams/liter will equal or
improve these figures. A Filtrol concentration of 60 grams/liter
produces a volume of filter cake thot is inconvenient to process in
the Plant Centrifuge; 20 grams/liter {about 1.2% by weight) of Filtrol
is about the moximum concentration permissible. Data indicete that
scavenging efficiency is about 10% less for s 20 grams/liter scavenger-
golution contoct than for o 60 groms/liter contoct.

Plutonium (IV) is cdsorbed strongly (50 to 80% removal) in the
hot (90 to 100°C.) digestion thet is most beneficial to zirconium
and nicbium adsorption. But plutonium (VI) is not adsorbed to any
opprecialbe extent. In order to aveid high plutonium losses on the
scavenger, then, plutonium nust be present in its most highly oxidized
state. If plutonium {IV) is in solution and is sdsorbed, lengthy, hot
{90 to 100°C.) oxidstion efforts are required to remove it from the
scavenger. Such strenuous oxidation clso removes 2 to 4% of the
niobjum end zirconium.

Filtrol scavenger ot a temperature of about 50 to 600C. is separated
from the supernate liguor in the centrifuge. The resulting centrifuge
eake 1g cbout 70 to 80 volume per cent liquid and has an apparent density
of abput 1.9 g./ml. Although plutonium (VI) is not odsorbed by the ceke,
enough plutonium end urenium are retained in the solution held up by the
cake to be intolercble from o plutonium and urenium loss stondpoint
(0.1% limit). The coke may be epsily slurried from the sides of the
bowl with 2 wosh solution, centrifuged, rewashed and recentrifuged until
the dilution effect of the wnshes has reduced the plutonium ond ursnium
losses to less then 0.1 per cent. Loboratory results have indicated no
significant deviations from the laws of dilution; however, cake-woshing
effectiveness seems to be, to 2 minor degree, o function of the nitrie
acid concentration of the wash. solution.(2l) Experiments hnve shown
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that plutonitm is removed more readily with increasing acid concentration.
However, the degree of zirconium removal from the scavenger also increasses
with increasing acid concentration.

The following table presents gquantitative date obtained in the labe-

oratory:(21
Per Cent Removed from Cake After
Centrifugetion and Four Ceke Washes
Wagh Solution Pu _x
HpO 99.71 2.8
0.01 M ENO3 99 .87 . 2.6
0.05 M ENO3 99.88 3.2
0.10 ¥ ENO3 99.96 4.3

A balance between these factors indicates a wash solution 0.0L M in
nitric acid as a good compromise.

The washed cake may be slurried from the centrifuge bowl by adding
slurry water in an amount such that the Filtrol comprises no more than
about 20% of the totel slurry weight.(22)} A Filtrol slurry of this
composition exhibits setisfactory flow charecteristics; i.e., it can be
pumped or Jetted like e liguid. Its aspparent viscosity renges from e
minimum of about 1.8 centipoises at e velocity of 1.6 ft./sec. to about
L centipoises at 3.7 ft./sec. Slurries with lower concentrations of
Filtrol are lese viscous, appreosching the viscosity of water as a . '
limit.(22)

3.2 Scevenging with co-formed mangenese dioxide

If potaseium permangenate 1g used as an oxidant during the ruthenium-
distilletion cperations (see under €3.3) it is possible to co-form menga-
nese dioxide scevenger in the Oxidizer by reduction of the permangenate.
The extremely fine precipitete of mangenese dioxide is an efficient
adsorber of zirconium and nicbium, It elso adsorBs varying amounts of
other fission-product elements. A mangenese dioxide scavenger concentra-
tion of about 6.5 grams/liter in hot (100°C.), oxidigzed dissolver solution
adsorbed on the order of 90 to 99% of the zlrconium and niobium in lab-
oratory studies(30), and sbout 90 to 99% zirconium, 90% niobium, 20 to
k0% ceriym, end sbout 1 to 10% of the originel ruthenium in semiworks
studies.?ﬁs5) Multiple contacts of scavenger totaling sbout 10 grams/
liter indicete leboratory adsorption efficiencies in excess of 99% for
both zirconium and nicbium.(30) If the mangenese dioxide eake is sub-
Jected to prolonged heating (or standing at room temperesture in the
absence of permangenste for periods greater than e few hours) a portion
of the ruthenium and zirconium scevenged is desorbed.(5) However, the
ruthenlum species removed is zpparently solvent-insoluble and doves not
significantly affect the oversll ruthenium deconteminztion adversely.

During ruthenium volatilization, some KMnO) is reduced by virtue
of the oxidation of many of the components of dissolver solution, sud.
MnOp 1s produced. The stability of KMnO) during ruthenium distillation
is anomelous, and the amount of MnOp formed has not been correlated with
any solution variable. '
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In the chromic-strike method of precipitating MnOo, residual Mn(VII)
as XMnOy is reduced to Mn(IV) as MnO» by the addition of chromic nitrate
according to the following reaction:

2KMnO), + 2Cr(NO3)3 + 3HpO ———> 2MnOp + KpCrpO7, + 6HNO3.

In the mangonous-strike method, residual Mn{VII) is reduced to
Mn(IV) by the addition of Mn{II) as manganous nitrate sccording to
the following reaction:

2KMnO) + 3Mn(NO3)2 + 2HpO ——> SMnOp + 4HNO3 + 2KNO3.

In practice this reaction requires somewhat more than the stoichiometric
quantity of Mn(NO3)2. Experiments have shown that sny dichromate ion
present in solution (as e holding oxidant for plutonium) is not reduced
in appreciable quentities by the reducing action of Mn(II)}. In fact,

as discussed in Subscction Dk, the reduction potential of Cr(III) is
sufficient to reducc MnO; to Mn(II). The reducing action of Cr{III)

on Mn(VII), of course, simultencously oxidizes the Cr{III) to Cr(VI)

as dichromate.

Both the chromlc-strike ond the mangonous-strike methods for
rermenganate reduction may be zccomplished by #fast strike" or "slow
strike" procedures. In the fzst strike procedure, permongonate re-
duction and MnOs digestion is carried out in o 30-minute period at a
temperature of sbout T5CC. In the slow strike procedure, reduction
begins at 300C. ond tekes place during ¢ 30-minute period while heat-
ing at the rate of 1°C. per minute. A 30-minute digestion at 75°¢,.
completes the procedure. It was thought that efforts to produce larger
Particle sizes by the slow strike methods would be beneficinl to esse
of handling in the centrifugation step. There appear, however, to be
no differences in either sdsorption efficlency or hendling ease between
precipitates produced by slow or fast strike methods.

The MnOp, contnining ndsorbed fission products, is separated from
the supernate liguor in the Centrifuge. The MnO, cake holds up more
liquid (about 90 to 99 volume per cent) then does Super Filtrol F.O.

The coke is lcss dense thon thot of Filtrol; the cpporent density may
range from about 1.7 to 1.9 g./ml. The MnOp cake is somewhat more

greasy and sticky then that of Filtrol, but nevertheless 1t is casily
slurried down from the bowl wcll by the impinging action of wosh solution
from the bowl sprays.

It 1s believed thot MaOp will oxidize Pu(IV) to (VI) in case ony
Pu(IV) is present in solution during scovenging (not o normal condition)
This should preclude ony potentinl adsorption of Pu(IV) on the cake.
The seme washing techniques dcscribed for Filtrol for recovery of
urenium cnd plutonium in the cake ligquor also apply to the MnO2 cake.

Onc of the chief advantages of MnOs scavenger over Filtrol is the
fact thet the washed cake may be dissolved by reducing Mn(IV) to Mn{II).
The objectioncble fectures inherent in the hondling and disposal of a
slurry are elimincted. One method of cake dissolution involves. treat-
ment with dilute hydrogen peroxide in acid solution according to the
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following reaction:

MnO2 + HpO2 + 2HNO3 > 2820 + Oz + Mn(NO3)2.

The catalytic action of Mn0Os on HsOp deccmposition hes been known for
mony years. Because of the instability of HoOp ebout 100% excess 1is
required for the mongenese dioxide dissolution reaction. The concentre-
tion of HpOp in the solution added for ceke dissolving should not be
greaeter than about 10% since in higher comcentrations Hz202 decomposition
by MnOp catalysis is too vigorous.

. Any strong reducing agent thot does not form o precipitate as e
reactlon product should serve ndequately s o MnOp coke dissolver. The
use of Fe(II) has been suggested. Such 8 reaction would proceed in the
following menner:

2 Pt + MO, + bt —> Mntt + 2 Fettt 4 2Hp0.
A 20% ferrous sulfomete, 104 ENO3 solution heas been successfully used
for dissolving the cake. Becaus¢ of the grenter solution stobility it
is preferred over HpO» cake dissolution methods.
MnOp may be reduced by an excess of Cr(III) in the following monner;

20r ¥ 4 3Mn0, + HpO —— 3Mntt + HyCrgOs.

(50% excess) .
Since the dissolved coke soluticn is stored underground without oddi-
tional processing, the nature of the ions introduced for coke dissolu-
tion is relatively unimportcnt.

L, - Centrifugotion Without Scaovenging

The use of scavenging procedures for selective romovol of lorge pro-
portions of zirconium and niobium and lesser cmounts of other fission-
product elements depends lorgely on an economic balonee between costs of
the operotions and savings thot may result from them. In the event that
scevenging is not deencd cdvisoble, the permanganate used for ruthenium
distillation may be reduced through the Ma(IV). stete (MnOs) to the soluble
Mn(II} state. If an excess of chromic nitrate is cdded to the oxidized
dissolver sclutlon both the residual Mn(VII), as KMnOy, end the Mn(IV), =8
MnOy precipitated during sparging, will be reduced th the soluble mangans
ous nitrate. Two moles of chromic nitrate per mole of KMnG), plus one
neole per mole of MnOs sre sufficicnt to cceomplish the reduction., fThe
reactions mey be swmarizod as:

- 100r(NO3)3 +6KMnOy + 11HpO —wm-3EM0(NO3)p + 3KpCT0r +18HNO3 + 2HpCrply.
(20% excess ‘ '

2Cr(NO3)3 + 3MnOp + HpO ———> 3Mn(NO3)p + HpCrpOq.
{50% cxcess)
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The centrifugation operation would still remove significent amounts
of the silicious dissolver-solution solids with no scavenger present.
It is likely thet more of the very smmll perticles would paass through
the centrifuge, however, although increcsing the solution holdup time
in the centrifuge bowl tends to improve solids removal, If adequate
silicious-perticle removel can be obtained without scevenging, it may
be econcmical to abandon the scavenging operation.

E. IAF ADJUSTMENT

1. General

The centrifuged Dissolvér solution. corrcsponds roughly to the
flowsheet IAF composition (2,0 M UNE, 0.1 M Na Cr, 0., -0.2 M ENO
end 0,38 M Nali0,). The centrifuged solution 18, Aowever, siightly
more concentratéd in urenium end exidizing agent then the flowsheet IAF,
end in eddition contains about 1% by weight of HNO.. The acid has re-
sulted from the smell excess used in the slug-dissélving step to prevent
Tormation of difficult-to-extroct plutonium complexes.,

The operation of neutralizing the acid and producing the required
state of "acid deficiency" (-0.2 M HNO,)}, and then adjusting, by dilu-
tion, final solution composition %o that of IAF is carried out in the IAW
Make~Up Tank, This vessel also serves es the centrifugate catch tank,
After edjustment, the JAF solution is batch-transferred to the IA Feed
Tank which continuously feeds the uranium-plutonium-fission-product
atreem to the JA Column, Further discussion regerding the specified
flowsheet concentrations are found in Chapter IV.

1

2. Acid Deficiency

The IAF solution containing -0,2 M HNOg (0.2 M BNO; acid deficient)
would become stoichiemetrically neutral upoh additfon of 0.2 moles of

per liter of solution, The pH of the solution, however, is still

%he acid side (cpproximately 2)., Acid deficiency is discussed further

in Chepter VIII, Decontemination in the IA Column is markedly improved
with an acid-deficient feed as compered to & feed slightly acidic. Most
of the improvement is traceeble to mich~improved ruthenium decomtamination
with no importont ndverse effectsg on decontamination from other fission-
product elements,

3. Methods

The centrifuged feed solution as received in the IAF Make-Up Tank
contains plutonium and urenium in the (VI) oxidation state. Sodium
dichromate is present in solution (in about 0.1 M concentration) as a
holding oxidant for plutonium, since it is necessary that plutonium bhe
raintained in the (VI) oxidation state in the IA Column in order to
achieve satisfactory plutonium extrection (less than 0.2% loss into the
IAW aqueous effluent stream). Without the prescnce of a holding oxidant,
the reduction of plutonium (VI) to (IV) during the operction of meking the
solution acid deficient is a possibility,
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The slight acidity in the centrifuged feed solution (approximately
0.2 M HNO3) is neutralized and the required state of acid deficiency is
produced gy the addition of a sodium hydroxide solutiecn (25%).

Final concentration adjustment is accomplished by dilution of the
batch to the required final volume,

F. GAS TREATMENT
1, Genersal

Gaseous wastes from the Redox Plant consist of canyon, silo, and cell
ventilation air; air or nitrogen discharged from the various equipment
vent headers; and any gaseous products formed as a result of a process
operation, The latier group is the most important in that treatment
methods required to ready the gases for diacharge into the atmosphere
are more elaborate because of the higher proportion of radicsctivity ine
volved, '

Canyon, sile, and cell ventilation air is filtered by a graduated
gravel and sand fillter bed where radieagtive particles in the air are
intercepted by the filter medis,

Discharge gas from the vent headers pesses through capsule-type
Fiberglas-filter units where, again, racdicactive particles are ine
tercepted by the fibers of the filter,

The gaseous reaction products of greatest importance are those formed
in dissclving uranium metal and those formed in oxidizing the uranium
solution. .Both are treated in more detail in subsequent parts of this
section, . In general, onc or more specific operations is applied to each
and the exit gas from each special treatment is routed through a Fibere
glas filter.. :

All three general types of gaseous products.are discharged into
the atmosphere through the Stack after passing their respective filters.
Reference is made to Chapter X for a detailed discussion of gaseous waste
disposal and the functions of the Stack and filter units,

2, Remofél-of Todine with Sg;ver Reactor

The-éhemical nature of dissolver offegas has been mentioned previously

%n this chapter, Although radiciodine-13l has a relatively short half life
(about 8 days), it is still highly important as one of the eleménts of

the off-gas because of its tendency to concentrate in plant and animal
tissues if allowed to pass into the atmosphere, The radioactive isotopes
of two gases, xenon and krypton, contribute the bulk of the remaining
fissioneproduct radiocactivity to the offwgas stream, These elements are
usually of little concern from the physiological point of view since:

(a) " being inert, they are not concentrated in living tissue;
(b) being gaseous under atmospheric conditions, they do not tend
to deposit out of the atmosphere, but are more or less uniformly
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The half life of xcnenel33 is about 5.3 days; hence Xenon soon
decays to innocuous values after discharge into the atmosphere, Krypton-l
85, on the other haad, nos 2 half life of about 9.4 years, and if dis=
charge of krypton wurc to continue indefinitely very siight contamination
of the carth's atmosphere would ultimately result (see Su@gggﬁ}ﬁﬁ»ﬁhﬂ‘w»w"

T g st TR

The Redox Plant will be provided with Silwer Reactorg for remov
of iedine from the Dissolver off-gases, Gascous iodine will react with
hot silver or silver nitrote very rapidly wher passed over the surface
of the solid., Iedine reactivity is increased with temperature, The
very high rcmeval effieciercy of iodine by hot silver is probably due,
in part, to the low vapor pressure of iodine above silver iodide at
operating temperatures, The equation {or the reaction iss

I, + 24g —> 2Agl,

Silver nitratc~coated packing is used for reaction with iodine,
The exact reaction mcchanism is not known with surcty but may be rep-
rosented by the usual iodine reaction in the presence of an excess of
silver nitratc:

6AgN03 + 3I, +~3H20--—a>5AgI + AgI0y + 6HNO3.

There may be some AgNO; dissociation under operating conditions so that
the following serics of rezctions may occur to a limited degree:

2AgNO3-~~*>2AgNO2 + 30, QAgiOp ——>24g + 2NOp, 2Ag +1p—> 2AgI,

Performance data on a smallescale gilver recactor (2.in, diameter
unit packed with 1 in. of 1/hL-in, silver nitrate-coated Berl saddles)
have indicated high iodinewrcmoval efficiencies for even this relatively
shallow packing layor when dissolver off-gases were passed through the
unit at a rate of about 2 cu.ft,/min, The efficie?cg of the umit as a
function of the temperature of the packing bed is:(20)

Jemperature of Bed, OF, : Per Cent of Iodine Removed
260 9548
820 9743

) The BiPO), Plant Silver Reactor, installed in 221B canyon, is 2 ft,
in diameter and is packed to 2 depth of 8 ft. with 1/2-in, silver nitratew
coated ceramic Berl saddlcs, When the entire volume of dissolver offw
gases is passed through this unit, the vapor velocity in the Reactor

;s approximately the samec as that employed in the small-scale tegts which
were described above. At an average inlet offw-gas temperature of L75°F, .
(exit offegas temperature is about 300°F,), the iodinec~removal efficiency
of thg Reactor has been 92,9%, The precision of sampling and analytica
techniques prevent the determination of 2 fourth significant figure.%32%

Ag inferr?d from the smallmscale studies, most of the iodine is rew
moved in the first inch or two of packing, Data indicate that the
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efficiency of iodine romoval remains at a high level (95 to §9+%) until
the siIVef ?vailable for reaction in this packed depth is about 4O to 50%
depleted, 1) Vhen these data are extrapolated to plantescale dissolving
conditions the theoretical life of the test unit in 2218, based on
availlable silver, 1s on the order of 10 to 15 years, Secondary effects
such as spalling of the ceramic packing, passivation of the reactive
surfaces, or increased pressure drop may reduce the duration of highe
efficiency operation to one to two years, Th R?dox Silver Reactor is
the operational equivalent of the 221.B unit, {10

The temperature of the gases entering the Silver Reactor should be
controlled at between 4450 and 5009F, (which maintains exit gas temperature
at about 300°F,) for the following reasons, in addition to high iodinew
removal efficiency at this elevated tomperature:

(2) At temperatures permitting condensation (less than 220°F,), the
rate of lodine removal decrcascs markedly, Appreciable condensae
tion would remove silver nitrate by solution,

(b) At gas inlet temperatures sbove 500°F,, the silver nitrate starts
to soften, becoming noticeab%y fluid (viscous) at about 550°F,,
and quite fluid at 600°F,(10)" (Even with gas inlet temperatures
of 450 to 5009F, the silver nitrate on a short section of pack=
ing near the inlet may melt, but.the viscous, molten silver
nitrate remeins on the surface of the packing,)

3s  Scrubbing of Dissolver Off«0ag

At this writing, plans are under way to employ the Silver Reactor as
the means of removing radiciodine from Dissolver offmgas, Originelly it
had been planned to accomplish this, together with removal of oxides of °
nitrogen, by scrubbing the offwgas with a caustic solution in Off-Gas
Scrubbers, Means will yet be available for carrying out caustic scrubbing
following the Silver Reactor, Stub connections have been provided in the
offwgas lines for the later inscrtion of caustic scrubbers if desired,

Since most of the NO in the offegas is oxidized to NO, in the presence
of an excesg .of air (there are about 3 volwmes of air per volume of offwegases)
the reaction of 'the nitrogen oxides with caustic becomes:

2NO, + 2NaOH

Radioicdine reacts with the caustic according to the following reace
tion: .

) | 2NaOH + I, —>Nal + NaOT + HpO,

Bvidence indicates that the sodium hypoiodite dissociates quite rapidly ¢
in the following manncr:

3Na0T -ees> Na103 + 2Nal,
Tﬁéh'tha composite reaction may be written as:

6NaOH + 31, -——e»NaIO3 + SNaIl + 3H0,
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Nearly the entire original amounts of radioxenon and krypton in the
Dissolver off-gas pass through the Off.Gas Scrubber and are emitted
from the Stack.

When the HOp rcacts with NaOH, heat is liberated at the rate of
about 45,000 Bitn/lb. mole of 1105, The average rate of NOp rcaction
with NaOH in the Off«Gas Scrubber is about & to 7 1b, moles per hour
during a 6<hour dissolving period, The evolution of such large
amounts of heat necessitates either the use of a large excess of
caustic to carry away the heat of reaction, or a recirculeting system
with the heat transferred to cooling water in a heat exchanger, The
Off-Gas Scrubber utilizes the latter methed, The result is that the
ascending vapors in the Scrubber column are contacted by a solution
congisting of about 19% NalNO, and 27% NalO, and enough free caustic
(about 6%} to provide a sufficient amount %or the NO, reaction, This
amount of free caustic is equivalent to about 20 1b, moles per hour, -
enough to react with about 3 times the average guantity of NOo
evolved per hour, I%t is anticipated that the maximum rate of NOo
evolution will be no more than 3 times the average rate,

Since most of the activity associated with Off«Gas Scrubber aqueous
waste is due to radiociodine, and since the half life of this element is
about 8 days, it may be feasible to crib the waste after about onew~half
to one yearts decay time in the Underground Cascade, Eventual cribbing
may be possible only if long-lived fission products reach the Scrubber
wastes in very minute amounts and no other process wasteg are routed to
the Cascade which receives from the Cffelas Scrubbers,.

L, Scrubbing of Ruthenium Tetroxide

The hot gases passing inte the Ruthenium Scrubber from the Oxidizer
contain ruthenium activity in the form of a volatile compound, ruthenium
tetroxide (Ru@®y ). Large amounts of an inert carrier gas serve as the
sweeping agent for RuQ). removal from the Oxidizer, Only trace amounts
of fission products other than ruthenium are present in the carrier gas,

The absolute quantity of ruthenium in the gas is quite small, on the
order of 2 to 3 grams per day, About 7000 to 8000 beta curies and 5000
to 6000 gamma curics of a?tigity are assocliated with this quantity of
ruthenium at 90 days®age, (<0

Laboratory tests have shown the removal of RuQ}, by absorption in a
caustic solution to be quitc rapid.(28) Consequently, a 25% caustic
solution is employed as the recirculating scrubbing liquid for the
Oxidizer offwgas, The cxact absorption mechanism is unknown; however,
it has generally been assumed that Ru(VIII) is reduced to Ru{VI) as
the soluble ruthenate salt, NasRuQ),

8light amounts (on the order of 50 mg,/le. or less) of sodium ruthena
ate in the caustic sélution produce a weszk orange color which is indicew
ative of the presence of this sgalt,
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Batch laboratory results indicete slightly more efficient ruthenium
tetroxide abasorption in 3 M sodium hydroxide solution at room temperature
than at 95 to 100°C,(28) Tt is necessary that the Ruthenium Scrubber be
operated at a temperature of about 90 to 95°C, (to avoid condensation in
the Scrubber of large amounts of water vapor in the carrier gas); however,
insignificant ruthenium loss is expected because of the small absolute
quantities involved and the demonstrated effectiveness of the gcrubbing,
Semiworks studies have indicated that less than 0,001% of the ruthenium
paases & recirculating caustic absorbing stream, :

Go  PROCEDURE

1, Ng;mgl Procedure

1.1 General

The Redox Plant is designed on the basis of a nominal uranium process—
ing rate of 241/2 tons/day, Since the design was based on an assumed time
efficiency of 80% (operating time is 80% of actual time), the nominal
instantaneous rate becomes 3-1/8 tons of uranium/day, Figure IIT.2 shows
a Material Balance Flowsheet and YII.3 an Engineers’ Flow Sketch for the

- Uranjum Feed Preparation portion of the Redox process, The oxidation
and centrifugation steps of Figure III.2 ere based upon permanganate
oxidation for the distillation of ruthenium and upon co-formation of
manganese dioxide scavenger by means of the chromic nitrate strike for
reduction of residual permanganate for scavenging of zirconium and
nlobium, As indiceted in Sections C and D, alternative procedures might
be employed, Figure IITe3 shows the equipment provided and line routings
dvailable for the Redox process and will be referred to in connection
with the following discussion,

1.2 Coating removal and dissolving

' Three Dissolver groups have been provided in the Redox Plant, Nore
mally only two Dissolvers are required in order to maintain the basic
production rate, The third unit serves as a spare or may be used together
with the other two to rapidly build up a uraniumesolution inventory when
required, Each of the three Dissolver units is complete in itself and
consists of a Dissolver, Rinse Tank, Off-Gas Heater, Silver Reactor,
Off-iag Filter, Dissolver Drowning Tank, and Dissolver large and Small
Weigh Tanks, Reference is made to Figure III.3 for equipment grouping
and line routings,

A basis charge to a Dissolver consists of 7700 1lb, of uranium (about
1960 four-in, long slugs) in irradiated, jacketedeslug form. The Sluge
handling procedures, through the loading of a slug charge into a Dissolver,
are described in Chapter II; the Dissolvers are described in Chapter XIIX,
The following discussion applies specifically to the A«Cell Dissolver,
A2,but is equally applicable to any of the Dissolver units,
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A heel of about one ton of uranium is normally carried in the
Dissolver and the new charge is dropped on the heel, Approximately
4950 1b, of 26% sodium nitrate solution is added to the Dissolver
from Large Weigh Tank A-24 and the solution is heated to boiling
with the coil and sparger, The Dissolver is maintained at 20 to 30
inches of water negative pressure during jacket-removal operations to
prevent the outeleakage of fumes into the Dissolver cell, After the
sodium nitrate solution has reached its boiling point the steam sparge
ing is discontinued, and 1370 1b. of 50% sodium hydroxide is added from
Small Weigh Tank A-2-C at a controlled rate of about 10 lb,/min, The
heat of the NaOH -~ Al reaction is sufficient to keep the reacting
mixture boiling; the Dissolver Column Condenser returns the water reflux
back down the column, Upon completion of sodium hydroxide addition .
the mixture is further refluxed for about two hours in order to remove
the heavy aluminum end-sections of the slug jackets, The charge is
then cooled to 40%, by valving cooling water to the coil, and the
coating waste solution is jetted to Waste Holdup Tank Hwl0,

A 1070-1b, water rinse followed by a 5520=lb, 5% nitric acid
rinse is added to the Dissolver, sparged, and finally directed to the
Waste Holdup Tank, H.10, The combined coatingeremoval waste and rinse
solutions are jetted from the Waste Holdup Tank to an Underground
Storage Tank Cascade,

The exact dissolving schedule for the bare slugs may be dependent
upon meteorclogical conditions in the vicinity of the Plant; the treated
and filtered offw-gases from thc dissolving operation must be adequately
diluted by the atmosphere between the time they are discharged from

" the stack and the timeo they reach ground level again, If the Redox
Dissolver offwgascs zre more decontaminated from radioiodinc than those
of the Bismuth Phosphate Plants, a more favorable dissolving schedule
(than the night dissolving of the Bismuth Phosphate Plants) may be
available for Redox,

Once it has been established that dissolving may begin, about
6370 1b, of 60% nitric acid is charged to the Dissolver from the Large
Weigh Tank, During the dissolving period water flow is maintained
through the Dissolver Column Condenser to reflux vaporized acid and
water, and the Dissolver Vent Jet is operated to produce as high a
vacuum as possible in the Dissolver,

Some heating through the Dissolver coil may be required to
initiate the dissolution reaction, However, once begun the reaction’
proceeds quite rapidly, and it may be necessary to use cooling water
in order to prevent the vacuum pressure in the vesscl from falling
below 10 inches of water, As the reaction procceds it becomes less
violent due to consumption and, hence, dilution of the acid, and increased
heating is rcquired to maintain the reacting mixture at the boiling point,
After a period of about six hours the specific gravity of the boiling
solution has reached 1,82 indicating that the acid has been substantially
consumed and about onc third of the 7700-1b. charge 'dissolved, Actually
the solution still contains about 1% nitric acid, About 1060 1b, (one
third) of the batch of previously accumlated slug rinse water is jetted
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from the Rinse Tank to the Dissolver, The addition of the dilution water
effectively halts any further nitric acideuranium reaction and assures the
presence of a slight amount of acid in the solution,

After addition of the dilution water to the Dissolver solution at
the completion of the.cut, the entire mixture is jetted to the Metal _
Solution Storage Tank, He9, corresponding to the Dissclver in which the
dissolution reaction was carried out, : :

The second third of the uranium metal charge {second cut) is dissolved
in the same manner as the first, Thé third cut is also identical with
the first two except that the time cycle is lengthened from six to about
seven hours, : - :

After transferring the third cut to metal ‘solution storage, sbout
3000 1b, of water is added to the Dissolver to cover the approximately
onewton slug heel that rorains, Just before the next charging operation
the water is transferred by jet to the Rinse Tank. It is used as dilution
wator for the three cuts of the next charge,

1.3  Disasolver offugas troatment

During the dissolution period the nitrogen oxides and voletile
fissioneproduct elements evolved, together with air which leaks into
Dissolver Ae2, pass out through the Dissolver Column vapor line and
into the base of the Aw3 O{f-Gas Heater, The vapors are heated by
electrical resistance heaters from an initial temperature of about .
80 to 120°F, up to 450 to 500°F, during their travel through the Hoater,
A temperature controller maintains exit gas temperature between the
L50 to 5009F, limits by controlling the rate of heat input to the heate
ing elements, The hot gascs pass immediately into a Silver Reactor,
A«3, located above the Aw3 Heater, During passage’ through the Reactor,
99.9% of the iodine is removed, and the temperature of the gases falls
to about 350°F, (10)

After treatment in the Silver Reactor the iodinee~free gases pass
through the Fiberglas Filter, Awl, for removal of particulate matter and
thence to the Stack for discharge into the atmosphere, The driving force
directing pagsage of the offm=gases from thc Dissolver through the Heater,
Silver Reactor, and Fiberglas Filter is supplied by the Dissolver Vent
Jot, located near the Stack, .

During the coating-removal operation the offegas consists princi-
pally of air which leeks into the Dissolver plus small amounts of ammonia
and hydrogon evolved by tho reaction, Ib ney be necessary to by-pass
(by means of tho remote valving provided) the Piberglas Filter to prevent
the small quantities of ammonia from reacting with moisture and oxides
of nitrogen that may reside in the Filter is small emounts, Formation
of ammenium nitrate might increasc Filter pressure drop excessively,
Tests are under way to establish whether or not by=passing the Filter
during coating removal ig &4 necessity,
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it is possible that an OffaGas Scrubter will be utilized at a later

date for removal of nitrogen oxides from Iissolver off-gases, In
scrubbing, the gases rising through the Scrubber Colurn arc contacted
by a solution (nearly saturated in NaNOp and KaliOy and containing about
% frec NaOH) which flows down through fhe Raschip=ring column packing,
Part of the solution falling through the column is fresh LO% NaOH fed
continously during the scrubbing period {rom an 0 f-Gas Scrubber Caustic
Tank at the rate of about 2,7 gal./min, Recirculating NeNOpwNaNO
solution (composition due to nitrogen oxides absorption in caustiz) in
amount equal to about 5 to 6 times the volume of fresh caustic is ree
turned to the top of thc column by pump., Remote valving in the pump
discharge line diverts a portion of this soiuntion to an Underground
Storage Cascade,

1., Metal solution storage

By referring to Figurc ITI.3 it may be seon that threc Metal Solution
Storage Tanks with a total capacity of scveral days! supply of uranium
solution (actually about 10,000 gal.) arc provided for the Redox Plant,
Storage Tank He9 rcceives from Dissolver A-2-A; He8, from Dissolver Aw2eB;
and cither H«9 or H~8, from spare Dissolver A=2-C, Since all three cuts
of a particular dissolving charge must be collzcted in the same storage
tank there is a blending of the cuts which tunds to produce uniformity
of composition, Uniformity of couposition between charges is attainod
in some degrec by the necessity of routing the contente of Tanks Ha9
and H-f to a large storagc tank, He7 (TK=128),

1.5 Oxidation and scavenging

& daily charge of uranium solution is transferred by jet from Metal
Solution Storage Tank Hw7 to Oxidizer Hel, The dally instantaneous
processing rate of 3wl/8 tons of uranium per day corresponds to about
1600 gal, of sclution in the Oxidizer,

Several alternative procedures are available for the oxidation
scavenging operations, They are briefly summarized as follows:

1,51 KMnQ, procedure with MnO, scavenging

The uranium solution in the Oxidizer, Hel, is made 0,03 M in potas-
sium permanganate (KMnO) ), 0,09 M in sodium dichromate (Na20r207-2H20),
and heated to about 9508. by means of coil steam, Negative pressure is
maintained in the vapor space of the Oxidizer and in the Oxidizer Column,
E-l;, by the Oxidizer Vent Jet, After reaching operating temperature the
solution is sparged with air for four hours at the rate of about
200 cu.ft./min, The air serves as a carrier gas to sweep out the volaw
tile ruthenium tetroxide (Ru0);) formed by the oxidizing action of the
KMnO). At the end of the four-hour ruthenium distilletion period, one
mole of chromic nitrate per mole of KMn0), not yet reduced plus 5% excess
chromic nitrate, based on the original amount of KMnQ present, is added
to the hot solution in the Oxidizer, The MnO precipitate is digested
for about ene-half hour at 75°C, to aid in thé adsorption of zirconium
and niobium., The Oxidizer slurry is jetted to the rotating Centrifuge
bowl at the rate of about 2 gal,/min, The Centrifuge, H-2, should be
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operated ot its maximum speed of 1740 rev./min. (1730 G). The supernate
liquoyr overflows into the IAF Meke-Up Tank, E-1l. After approximately
half of the Oxidizer slurry hes been Jetted to the Centrifuge the cake
volume is about 20 gel. Feed to the Centrifuge is discontinued and about
40 gal. of supernate, held up in the 60-gnl. bowl, 1s skimmed to the

IAF Make-Up Tank. The cake is washed about four times with LO gal, of
0.01 M HNO, solution each time &nd washes are skimmed to the Oxidizer
via the je§ in the Centrifuge effluent line. The cake is dissolved

by the addition, through the bowl sprays to the slowly rotating
Centrifuge bowl, of about 40 gal. of solution consisting of ebout

20% ferrous sulfamate and 10% nitric acid, The dissolved ceke solu-
tion is Jetted to the Slurry Hold-Up Tank, H-3. The remsining portion
of Oxidizer slurry is then routed through the Centrifuge, the super-
nete is akimmed, and the ceke is washed and dissolved in an identical
menner to that described for the first half of the batch, It may be
noted that this procedure corresponds to that listed in Figures III-2
end III-3. -

1.52 KMnDu&procedure without scevenging

The uranium solution in the Oxidizer, H-k, is made about 0.03 M in
potessium permanganate, 0.09 M in sodium dichromate, and heated to about
95°C, by means of coil steam. As before, negative pressure is maintained
in the vessel, After reacihing operating temperature the solution is
gperged with eir for about four hours at the rete of ebout 200 cu.ft./min,
About 20 to 50% excess of chromic nitrate is added at the conclusion of
the sparge period to reduce all manganese ions to the soluble menganocus
nitrate. (See Subsection D4)’ The solution is jetted at approximately
2 gel./min. to the rotating Centrifuge bowl where gross particles are
removed. After the Oxidizer has bVeen emptied, the supernste held up in
the Centrifuge bowl is skimmed fowerd to the IAF Make-Up Tank., Period-
ically it will be necessary to remove the gross particles accumulated in
the Centrifuge bowl, This mey be accomplished by slurry-out methods or
by diseolution of the particles.

1.53 Czone-Filtrol procedure

The urenium solution in the Oxidizer, E-4, is mede about 0,01 M in
poteasium permenganate and heeted to esbout 95°C, by means of coll steam.
Negative pressure is maintained in the vapor space of the Oxidizer and
in the Oxidizer Column, E-4, by the Oxidizer Vent Jet. After reaching
cperating temperature the golution is sparged for about six hours at
the rate of about 200 cu,ft,/min. with e gas consisting of 2% ozone in
air, The ozone oxidizes and sweeps Ru0, out of solution., At the end
of the ruthenium distillation period the solution is made sbout 0.1 M
4n NeyCrp07-28,0. Following dichromete eddition all the manganese is
reduced to soliible manganous nitrate by the addition of an excess of
chrémic nitrate. About 220 1b. of Super Filtroel F.O0. is added in
slurry form to the Oxidizer and digested at 95°C. for one-helf hour.
The slurry is jetted to the rotating Centrifuge bowl at the rate of
ebout 3 gal./min, After ebout one helf of the batch has been centri-
fuged, supernate skimming and cake-washing methods as described under
Gl.51, above, are carried out, and the Super Filtrol cake is slurried
to the Slurry Hold-Up Tank, H-3. The remeining half of the Oxidizer
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batch is then processed in like manner, After sampling of the Filtrol
ceke in the Slurry Hold~Up Tank shows tolerable plutonium losses (less
than 0.1%) the siurry is jetted to an Underground Storage Cascade.
Upon completion of slurry jetting, the line to the Cascade is flushed
with sbout 500 gal. of water,

Becauge of the reasons discussed in Subsection C3.3 the plant
Ozonizer may not actually be installed.

1,54 Modified procedures

The three specific procedures suggested above mey have several
variations, The sparge gas for any of the procedures might be air,
ozone, or steam, If steam were used, operating temperature for the
ruthenium distillation operation would be the boiling temperature of
the solutioen,

In the event of too rapid KMn0; decomposition in the Oxidizer,
an incremental addition of KMnO), may be indicated for either of the
two KMnO) procedurcs, A procedure used in seniworks studies makes
the dissolver solution 0,01 M in KMnO, initielly. A second equal
portion of KMnO, is added to the solution after 1-1/2 hours of
sperging, and e third portion after 3 hours, If the uranium solution
is made 0.08 M in KMnO;, initially, semiworks deta indicate that a
sufficient fraction of Kdn0j remains undecomposed at the end of the
ruthenium volatilization step, but the larger quantity of Mn02 formed
lengthens the centrifugation cycle.

Other satisfactory reducing agents for MnO, cake dissolution (H,0,
or Cr(NO3)3, for example) mey be substituted for Fe{II) in Subsection
1,51,

Although the Oxidizer Column is equipped with e reflux condenser
the condenser is not normally used for eny of the procedures because
of the probebility of refluxing some of the RuO) back to the Oxidizer.
Replacement water {for that lost in the non-ref&uxed vapors) is edded
as requirdd from Chemical Addition Tenk H-4-C- in order to prevent
freezing of the contents of the Oxidizer if cooling of the solution
is required,

1.6 Ruthenium scrubbing

The volatilized RuQ, , water vepor, and carrier gas are directed
into the Ruthenium Scrubber, H~5. In the Scrubber the hot gases are
comtacted countercurrently with 25% sodium hydroxide, and the Ru0y, is
removed almost quantitatively es sodium ruthenate. The caustic scrudb
is batch~-charged to the Ruthenium Scrubber and during Scrubber opera-
tion is continuously recycled from the Scrubber pot to the distributor
near the top of the packed section, A short packed deentrainment
section above the distributor minimizes entrained liquid that would
otherwise carry over with the scrubbed gases. The Scrubber is operated
el approximately the pame temperature as the Oxidizer to avold excessive
caustic dilution due to condensation in the Scrubber of large smounts
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of water vapor. Periodically, on the order ¢f twice & week, the caustic
solution in the Serubber is jotted to the Wasto Neutralizer (see Chapter
X) ond replacement is made with fresh 25% sodium hydroxide,

The exit gases from the Scrubber, still containing large amownts of
voter vepor, are passed through a condenfer to remove the woter, The
Oxidizer Vent Jet, providing the driving force for the vapors » draws the
rosidual, relatively dry gnses through a Fiberglos capsulo for removal
of remaining particulate motter end thence dischorges them to the Stack,

1.7 IAF adjustment

- The daily batch of solution, sxidized and centrifuged, consists
of about 1370 gal., About 800 1b, of 254 sodium hydroxide solution is
edded to the uranium solution in the IAF Make-Up Tank, E-l. Dilution
of the solution to about 1580 gol. is then nccomplished by the addition
of about 300 1b, of water. Water and 25% sodium hydroxide are both
added from Chemical Addition Tank numbered "H-1 and 3-A", Uniformity
of composition in the IAF Moke-Up Tonk is attailnod by agitation,

When tﬁe volume remaining in JA Feed Tank F-7 is small enough to
permit the transfer of the contents of the IAF Maks-Up Tank, & submerged
puip effects the move at & rate of obout 50 gol./min. in sbout 0.5 hour.

2+ Remedy of Off-Standerd Conditions

2,1 Exceésive f}._g_sion-product activity in Stack

The condition whereby too high a proportien of ruthenium tetroxide
escepes from the Rutheniw: Scrubber can be corrected in some degree by
increasing the caustic recirculotion rate in the Scrubbers, An alterna-
tive or concomitant method is to reduce the gas flow rate to the Serubbers.
This, however may require lengthening the time of the ruthenium distil-
lation operation. If too mueh iodine sscapes from the Silver Reactor,
the unit will probably require replocement,

Detection of either of the conditions mentioned above would e
mede by Stack sampling methods described in Chapters X and XXI.

2.2 Greater than normnl Ru, Nb, or Zr oetivity in IAF

This problem may bo handled in two ways. The fecd may be sent ahead
to the Extraction Battery and ither on additional decontomination cycle
mey be employed, or rework of one or boéth of the product streams may be
underteken if deconteminnbion specifications are not satisfied., Alterna-
tively, the feed may be returned to the Oxidizer for additional treat-
ment (yuthenium digtillation and scavenging) in thet veseel, '

This off-standerd oondition may be dotected from samples taken at
numerous points in the process or from the inability to meet fission-
product specificotions in the product streams.
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2.3 Carry-ovei‘ of fines from centrifugation

The solution may be sent ahead with recognition that the solvent-
extraction colums mey have to be cleaned out earlier than would other-
vise be necessary, (However, pilot-plant column operation indicates
that fines, especially Mn0O, fines, are swept out in the IA Columm
aqueous weste). A saecond alternative is to retwrn the solution to
the Oxidizer for refeeding to the fentrifuge.

This condition may be detected from seamples or, if especially
bad, by reduced quentity of cake (measured by welght factor after cake
dissolution) over that expected. It might not be detected umtil colum
performance is affeoted,

2.4 Excessive U or Pu loss with filter cake

Excessive losses of uranium or plutonium {greater than 0.1%) with
the filter cake slurry or solubion may be recovered by recycling the
material from the Slurry Holdup Tank to the Oxidizer., The smell
gquantity of solution or sliurry would norxmally be processed with the
next Oxidizer batch,

This condition 1s detected by routine accountsbility smmples of
the ceke slurry or solution.

2.5 PFormation of plutonium (IV) polymer

Plutonium (IV) polymer formation might result from inadvertent
dissolving to acid deficiency or from & possible reduction from Pu(VI)
in the presence of en acid-deficient solution in the IAF Make-Up Tank,
In either event, since only strenuous hot oxidation methods, e.g.,
treatment for 2 to 6 hours with 0.1 M sodium dichromete neer boiling
temperature, seem adoquate for converting Pu (IV) polymer to Pu (VI),
the solutions would have to be routed to the Oxidizer, the only vessel
capable of giving the required treatment.

The condition might be detected from samples indicating excessive
plutontium losses in the TA Colum.

2e6 Necessity of rapidly arresting wranium dissolution reaction

If dissolving proceeds too rapidly, positive pressure may be built
up in the Dissolver. Coil cooling water may be used to reduce the rate
of reaction. In cases of extreme emergency, the water in the Dissolver
Drowning Tenk may be dropped intoe the Dissolver very rapildly, thus almost
immediately arresting the reaction, Excessive pressure in the Dissolver
will be indicated by pressure recorders over the Dissolver Column.,

2.7 Sludge build-up in the Dissolver

Incomplete removal of solids (bonding material and scale sludges)
may be expected when jetting solutions out of the Dissolver. If the
high eilicon-content sludge contributes more foreign material than can
be removed in centrifugation or if the tendency toward solution emulsi-
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ficatlon is incressed to the exteut that colum operation is jmpaired,

.‘then the need for sludge removal frem the Dissolver may be indicated.
4 .ochvenident method for sludge dissolution is by use of & solution of
5. H in 10% HNOs. ' Becauso of the corrosive effect of this solution
on.the Dissolver, sclution contect timo with the Dissoiver should be
kept to & minimm; about 10 minutes at 100°C, should be adeguate for
removing most of the sludge, A 30% BI_IOB pagsivation flush should
follow the EF trestment,

"7 mhis off-standerd condition might be detected through erretic inter-
face instrument ection on the IA Column or increase in silicon as deter-
mined by spectroscopic assey on uranium or plutonium product streams,
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CHAPTER IV. PROCESS CHEMISTRY ( SOLVENT-EXTRACTION)

A.  FROCESS DESCRIPTION

1. Basic Principles

1.1 Introducticn

The Redox process utilizes solvent-extraction to recover uranium and
plutonium from irreadisted ursnium slugs. In the process the uresnium and
Plutonium are recovered ss scparate aqueous solutions of their nitrates,
which are relatively free from other trensurenium as well as fission-pro-
duct elements formed during irrsdistion of the slugs. The composition of
the irradieted slugs is given in Chapter II, while the preparstion of
Redox feed solution from the slugs is described in Chapter III. Chapter
IV embodies a discussion of the Cchemistry of the solvent-extraction system
from the prepasred feed solution to the separate, concentrated, uranium
osnd plutonium product strecms.

The informction contained in Chopter IV is divided into three parts:
Section A is a discussion of the chemicsl varisbles of the procegs,
Section B contains a detoiled deta summary of the physical and chemical
properties of the process materinls, end Section C gives a detailed sum-
mary of the equilibrium deta for the meass transfer of Redox process com-
ponents between aquecus and hexone phases. Subsection 1 of Section A is
& discussion of the basic physicel chemical principles of solvent-extracs
tion leading to the formulation of alternetive Redox chemical flowsheets;
the remaining subsections discuss in greater detail the application of
the besic principles to the individual steps of the Redox process flow-
sheets.

1.2 Solute distribution between equilibroted ligquid phases

If an aqueous solution of urenyl nitrate is Placed in o beaker and a
layer of hexone is added, it quickly becomes: apparent that some of the
uranyl nitrate solute in the agqueous phose trensfers to the organic
solvent. The operation is referred to as solvent-extroction and the mass
transfer may be followed gualitatively by observetion of the change in
color of the two ligquid phases, or guentitatively by aonalysis of the
separate phases. Similarly, 1f the hexone loyer is removed from the ebove
system and placed in contact with fresh water, some of the urenyl'nitrate
solute transfers back toc the ngueous phase. The latter moss transfer
operation is referred to os stripping to indicate the removal of & desired
solute such as uranyl nitrate from s solvent phese such ag hexone.

If either of the above two-phase systems is ngitated to cause inti-
mate intermixing of the twe immiscible liguid phases, it is found that the
urenyl nitrate concentraticn in each phase becomes constant, although
usually not the seme concentration in Both pheses. When constont con-
centrations have been atteined, a dynamic equilibrium has become estab-
lished with the number of uranyl nitrate molecules leaving the aqueous
phese equal to the number returning in a given time. This process of
cttaining equilibrium between the two phases is termed "equilibration” of .
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the phases. It has been found cxperimentally that the distribution of a
solute in such & two-phase system depends on the relative solubility of the
solute in cach phese. The distribution of urasnyl nitrate may therefore be
altered by the simple expedient of eltering the reletive solutility of the
urenyl nitrate in either the aqueous or the hexcne phase.

The systen is directly comparable to the equilibrium between & con-
fined gas and a solution of the ges. Thus if cerbon dioxide is confined
with some weter, the COp becomes distributed between the guseous phase and
the aqueous solution. If the solubility of the carbon dioxide in the water

+'is reduced, as by the addition of ordinary sclt to the water, the equili-
“brium is temporarily upset, releasing some of the dissolved ges and result-
-ing in a higher distribution of the CO, to the gaseous phase. On the other
hend, if what might be canlled a COp-complexing agent,such as ammonie,is
‘added to the weter, the solubility of the carbon dioxide in the squeous
phase 1s increased. Then the equilibrium distribution of the COp is shift-
“ed in fevor of the agueous phase.

In the Redox solvent-extraction system the relative solubilities of
the nitrates of uranium, plutonium, and the fission-product elements are
similerly controlled in order tc effect their seperstion from each other.
The factors affecting relative solubility and therefore the distribution
ratio between water and an orgenic solvent include the nature of the sol-
vent, solvation, temperature, selting in the aqueous phose, hydrogen ion
concentration, the state of oxidation of the verious cations, and complex
formation. These factors sre discussed under 1.21 through 1.27, below.

1.21 Distribution ratic

The ratio between the concentraotions of a given soluté (e.g., uranyl
nitrete) in esch of two liquid phoses in contact equilibrium is variously
referred to as the distribution ratio, distribution coefficient, or parti-
tion coefficient. It is designated by the letter E to which a subscript
and superscript sre appended to indicate which phese is the reference
phase. Thus for urenyl nitrate, ES (or EE) indicates the ratio of the
concentration of the uranyl nitrote in the orgenic (or hexone) phase to
the concentration in the agueous phasc. The numerical value of a given
distribution ratio will very according to whether the concentrations are
expressed on o weight basis (such as grame of uranyl nitrate per gram of
solution), or on a volume basis (such os grams of uranyl nitrate per liter
of solution). However, the volume bosis is used throughout this manual
unless otherwise indicated.

It is to be noted that, for = glven systen et equilibrium, the solute
concentration ratic msy be expressed in two weys, end the basis being used
should always be clearly steted znd understood. Thus the distribution

raticos:
Eg | ] h-o
a.
and E. = 0.25

may both be used to identify the same me2ss transfer equilibrium in which
" the uranyl nitrate concentrations are 20 g./1. in the hexone phase and
5.0 g./1. in the aqueous phase.
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The distribution of ursnyl nitrote tends to be relatively constant
at low concentrcticns (ce. 10 g./i. in the aguecus phase) in hexone-
agueous systems, but it veries rarkedly at higher concentrations as may
be seen by reference to Figure IV-31. By wey of compariscon with enother
system, uranyl nitrnte distribution appecrs io be largely independent of
concentration in agueous-dibutyl cellosclve phose equilibrium (an alter-
native urenium sclvent-extroction systen).

The distribution ratic is the ratic of the solute concentrations re-
gardless of the relative volumes of the two liquid pheses, It is apperent,
however, that the amount of uranyl nitrate extracted from agqueous solution
by hexone, for exomple, is dependent upson the relstive volume of hexone
used as well as the uranyl nitrote distribution ratio. The mEss transfer
relotionship between the distribution rotio and the phase volume ratio is
expressed by the extraction factor, which is discussed briefly in 1.52,
below, and more extensively in Chapter V.

1.22 Choice of solvent

For the separction of uraniug, plutonium, =nd fission products by
solvant—extraction, the choice of the solvent to be used depends upon an
optimum combination of the following solvent characteristics: (a) ex-
traction effectivencss and selectivity for ursniun snd plutonium, (b) low
mitual solubility with an tqueous phase in contect, (c¢) chemical stability
in the systewm, (d) low vapor pressurc and high flesh point, (e) suitcble
density, viscosity, and interfocicl tension in the system, (f) ease of
purification for recovery by such methods us distillation, (g) availability
and low cost, (h) non-corrosiveness, and (i) low toxicity. Eoerly in the
development work on s solvent-extraction seperstion progess; hexone was
found to meet the decontenination, avoilability, ond recovery requirements
fairly well. Therefore, while the search for better solvents wag still in
progress, the hexone (Redox) system was develcped into a worksble process
in spite of the fact that it wes recognized thet more suitable solvents
night be developed loter. For the propertics of hexone reference is made
to Subsections Bl, B2, snd B3.

1.23 Bolvetion

Solvetion refers to the binding cf solvent molecules to dissolved
solute ions or molecules by physical or chemical forces. In the uranyl
nitrate-water-hexonc system in the besker experiment menticned previously,
the uranyl nitreate is hydrzted in the aqueous Phose., When the uranyl
nitrate transfers to the hexone solvent, the mass tronsfer occurs as
molecules of urenyl nitrate associeted with three to four molecules of
water. 1In the orgenic phase the urenyl nitrete is solveted with rrobably
two molecules of hexone in addition to the watcr which participated in the
tronsfer (see Subsection B3).

Alteration of the stzte of sclvetion of a solute in one phase of o
twc-phase system clters the relative solubilities of that component in the
two phases. Thus if aqueous uranyl nitrate solutien i? added to a bea?er
containing 2 hexone soclution of nitric scid, ruthenium{l s Or cerium 11L)
the latter components may be at least partly disploced from the organic

e
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to the aqueous phese. The distribution ratio of the displaced component is
thereby eltered. In the competition of the solute molecules for solvation

by hexone, the urenyl nitrate forms the stronger solvation bonds with the
hexone and therefore displeces the fission products or acid from hexone sol va-
tion complexes. The situation is compareble to the top of the Redox IA
Column extraction gection where concentreted agueous uranyl nitrate solution
is meeting a-hexone stream which has been equilibrated with the agueous
fission product waste stream. The resulting effect of displacing fission-
products from hexone solution back to the agueous phase is sometimes referred
to es "back salting". '

1.24 Salting

A common method of reducing the solubility of & compound in a given
solution is by the "salting” effect of a common ionm. Thus the sddition of
a nitrete to an aqueous solution of uranyl nitrate will reduce the uranyl
nitrete solubility in the solution. If such an aqueous solution is in
contact equilibrium with a hexone phase, the solubility of the uranium in
the equeous phase is decreesed relative to the hexone phase. The EE dig-
tribution ratic is thereby increased.

The uranyl nitrste is largely ionized in the aqueocus phase, but it is
transferred in the moleculsr state intc the hexone. Then the effect of
salting on mass transfer equilibrium cen be explained by reference to the
mess-action lew relationship expressed in the following eguetion:

+ -
[vop Taq.+ 2 RN xH,0 = [ U0, (N0, ) ,"xK,0] qu;ffoOE(NOB)Q.xHEQ] org.

The nddition of nitratc ion to the agueous phese decreases the ionization
of the equeous urenyl nitrote and incresses the transfer of the molecular
salt to the organic phase.

The same cffect is produced by simply increasing the concentration of
the uranyl nitrate in the agueous phase. However, it taokes a large increase
in UOQ(NO3)2 concentration to decrease the ionization of the salt materially,
us mey be séen by reference to the following table:

Ionization of Uranyl Nitraote

Agueous UOQ(NO3)2-6HQO molarity 2.0 1.0 - 0.5 0.25 0.125
Grams UOp(NO3)p-BH 0 per liter 100k 502 251 125.5  62.75
Degree of ionization 0.76  0.80 0.82  0.88 0.%4

Therefore &an increase in aqueous UO LNO3) concentration from 0.5 to 1.0 M,
for example, will result in the presgnce ig the hexone phese of g lower
proportion of the total uranyl nitrate in the two-phase systen.

The extent of the salting action produced by o given agent is not
only dependent upon the amount of commo?hion addeg but elso on the sol-
vation of the cation of the added salt. 2,127,128) Thus one equivalent
of aluminum nitrate will have greater snlting effect than an equivalent
of sodium nitrete pertly because of the hydration of the aluminum ion as
compared with the sodium ion. Withdrawal of aqueous sclvent by the
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hydrotion of the added catien hes the effect of increasing the nitrate con-
centration and producing added salting.

Differences in the salting effects of different E}ectrolytes are also
dependent upon the ionic strengths of the compounds.( The ionic strength,
# iz 2 concentration property which takes into account the effect of
interionic attroction by including the ionic charges. It is defined by the
equation:

(m)(e)? + (m)(c.)?
2

M=

where myand m, are the respective nolalities (gram-moles Per thousand
grams of solvent), and € + and e~ eare the respective charges or valences
of the positive and negative ions. For comparison of the salting effect
cf sodium nitrate with aluminum nitrate, the ionic strength of a 0.1 molal
sodium nitrete solution is:

_€0.1)(1)% + (0.1)(1)?

5 =0.1

For 0.1 molal sluminum nitratc the ionic strength is:

(0.1)(3)° + (0.3)(1)2
wo= =0.
2

Therefore, one mole of nydrated cluminum nitrate (375 g.) hos six tinmes
the lonic strength of o mole of sodium nitrate (85 g.) dissolved in the
same quantity of solvent, or 0.735 grom of Al(NO3)3~9H20 is equivalent
in selting strength to one gram of sodium nitratZ.” Thé relationship is
used in the salting strength calculaticns described in Chepter V.

The choice of ¢ solting agent for the Redox Irocess wos dependent
upon the following factors: {a) availability, cost, and possibility of
recovery, (b) chemicel stability and inertness toward the systen, (c)
effect on velumes and neutralization requirements of the waste solutions,
(@) insolubility in hexone, (e} effectiveness in producing high distribu-
tion retios at low degrees of saturation, (f) selectivity in salting tho
desirsble components of the systen (decontamination), and (g) the effect
on interfacinl tension, ngueous density, snd viscosity in the system.

Ammonium nitrate cnd sluminum nitrate heve been extensively tested
in the Redox system, and o number of other salts have been tried. See
Figure IV-30 for = comparison of the effects of ammonium nitrate, calcium
nitrate =nd slunminum nitrate on the distribution of urcnium into hexone.
Aluminum nitrate was chosen for the Redox process lergely on the basis of
its stability in additior to its general conformity with the other require-
nents,
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1.25 Temperature

If heeting or cooling 1s applied to an ngqueous-hexone system which has
been equilibrated in a beeker, & chenge is produced in the distribution of
a component dissolved in the twoephase system. This change in the distribtu~-
tion ratio may be due to two factors. The temperature coefficient of
solubility of Redox process components is different for aqueous and hexone
solutions, end consequently a temperature change produces o change in the
relative eolubilities of a given component in the two phases. Furthermore,
the trensfer of & solute from water to hexone solution mey involve o heat
exchange due to the formation and separation of hydration and solvation
bonds as in the case of urenyl nitrate.

The following equetion maey be used to express the equilibrium for the
trensfer of uranyl nitrate between agueous and hexone phases:

[U0p(NO3)2 *6820) nq. == [ v0(NO,),*xH,0) oy + (6 - XIE0 + Heat.

In other words when hexone is added to an aqQueous solution of urenyl nitrate
in a beaker, heat is evolved by the trensfer cf some of the uranyl nitrate
tc the hexone phese. Then if the tempersture is raised after ellowing the
system to come to eguilibrium, by application of the principle of Le
Chetelier to the above equation it mey be seen that some of the uranyl
nitrate is transferred back to the aqueous phese. The effect is illustrat-
ed by the following table of coefficients showing de?ﬁﬁ?sed distribution
into the orgenic phase as the temperature is raised.

Variation of Uranyeritrate Distribvution

With Temperature

Tenperature, °C. Eg
11 255
15 191
21 151
27 121
35 84,1

Aqueocus phase: 0.12 M U02(N03)2;

2.4 M AL(NO3)3.

The heat effect illustrated in the above equation is apparent in the
Redox process by the evolution of hest in the extraction sections of the
IA, 2D, end 3D Columns, and by the sbsorption of heet in the stripping-
columns IC, 2E, ond 3E. Since uranyl niltrate is the Redox component trans-
ferred in largest emount in the process, its effect masks the heat effects
resulting from the transfer of any other Redox process components, For
the heats of extraction of Redox process components see Subsection BlO,
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and for detailed dete on the effoct of tempersture on mass trensfer
equilibria see Section C of this chapver.

1.26 Hydrogen ion concentrntion

If an agueous solution of urenyl nitrete is in equilibrium with
8 hexone phase in a beaker, the addition of nitric scid to the systen
will alter the uranyl nitratc distribution. 1In general the presence
of excess nitric acid in the agueous phose has the effect of inereas-
ing the uraniunm distribution into the organic phase. This is due to the
cormon ion salting effect of the nitrate ion formed by dissociation of
the nitric acid.

A further conseguence of the presence or sbsence of excess acid in the
system 1s the effect on the pH. The hydrogen ion concentration in the
aqueous phase may control the nature of the ionlc or molecular specics of
& dissolved salt which in turn influences the distribution of the salt
between the aquecus and hexonc pheses. Thus the transformation betwesn
uranyl ion and its dimer in dqueous solution is dependent upon the pH of
the solution as indicated by the fcllowing equationy (6,47,52,72,126)

200, " + £ 0 == U0, + 2m*,
The dimer ion is formed in aguecus solution ebove a pH of about 3, which
is equivalent to about 0.025 M urenyl nitrste solution. The pH of the
agquecus phase also influences the dissolved plutonium species (see Sub-
section B6), and therefore 2lse the Plutonium distribution in an agueous-
hexcne systen,

1.27 Oxidaticn state

The distributicn of any metallic salt in an aqueous-hexone system
varies with the state of oxidation of the cation. This may be illus-
trated by the foltowing table for the distribution of plutonium into hefgnf
from an aqueous phase 0.5 M in HNO3 and saturated with amoniunm nitrate;{¢l

iutonium Distribution

Valence State Distribution Ratio, E;
11T 0.1k
Iv 1.7
VI 9.8

The table illustrates the rrincipie that generally the higher the oxidaticn
state of & cation the greanter is its organic solubility. Exceptions to the
rule are Pu(V) and Np(V), which strongly fovor the nqueous phase. Then if
2 reducing agent is cdded to - beaker containing an fdquecus-hexone system
at equilibrium with respect to Pu{VI), reducticn of the plutonium causes a
change in the Py distribution rotio in fover of the aquecus phase. This is
the basis for the separation of uranium sand plutonium in the Redox IB
Column whers the Plutonium oxidetion statc is lowered to the aqueocusg-favor-
ing Pu(II1) stete while the urcnium is unchanged. For detailed data on the
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effect of the oxideticn state on the distributicn of the sevaral Redox com~
ponents, see Section C.

1.28 gomplex formation

The nddition of sncther substance to a2 liquid phese may increase, rather
than decrease, tho solubility of a solute in thot phase. Thus it has been
noted before thet Pu{ITI) nitrate 1s relstively insoluble in heXone; however,
the solubility may be greetly incremsed by the addition of 8-hydroxyquinoline
which forms a hexone-soluble chelate complex with the Pu(III) ion. Then in
n hexone-ogueous system, the organic-to-aqueous distribution ratio for Pu(III)
riny be incressed by the addition of such e complexing agent to the systen.
During the eerly study of solvent-extraction processes for separating uranium
snd plutonium, considerable work was done on the addition of cheletion com
pounds to ?rganig §olvents in opder to increase the solvent solubility of
plutoniun, 100,103 Chelating or cther special complexing agents were found
to be unnecessary for operation of the Redox process with hexone as the
solvent.

The structures of the orgaonic soluble chelote complexes are indicated
by the following formulas for the Pu(III) ccmplex with 8-hydroxyqminoline.
end the Pu(IV) complex with thenoyl triflucro acetone (TTA), which 1s used
in plutonium cnolyses (see Chapter XX).

r{fé \\‘m~
( i T~ ) Pa(III)

\S/ " l
0. 0 j
\ N /4
Pu(1IV)

. If urenyl nitrate is distributed at equilibrium between agqueous and
hexone pheses in & beaker, the cddition of sulfate or phosphete ions to the
aquedu? ghﬁsesg?ifts the urenium equilibrium in the direction of the agueocus
phase. 18,45, This result may be interpreted 2s an increase in the rela-
tive solubility of the uranyl nitrate in the aqueous phese due to the forma-
tion of the sulfate or phosphate gS?nium complex. A similer effect is pro-
duced. on plutonium distribution.( The presence of sulfate end phosphate
jons is therefore generally undesirable during uranium and plutonium extrac-
tion. (However the high aluminum nitrate concentration (1.3M) in the IB
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Column is sufficient to overcome the effect of 0.05 M SOM’, which may be
introduced as ferrous ammonium sulfete in conjunction with sulfamic acid,
as reducing agent.)

1.3 Introduction to solvent-extraction

The recovery of uranium and plutonium from irrsdisted slugs by solvent~
extraction involves (a) contacting the aqueous feed solution with hezone
to permit the transfer of uranium and Plutonium to the hexone phase, (b)
separation of the phases after the desired mass transfer has taken place,
and (c) separate recovery of the uranium, plutoniwm, and the hexone solvent.
In the equilibration operation the hexone is referred to as the extractant
and the hexone solution produced is the extract phase. The waste solution,
from which the ursnium and plutonium were extracted, is referred to ag the
raffinate phase. :

As noted before, the extraction operation may be effected in the
laboratory by mixing hexone with the aqueous feed solution in & beaker (or
other convenient vessel such as a seperatory funnel), then allowing the
phases to settle or disengage. The mixing and settling operation represents
an extraction "stage", and it is an ideal or theoretical stage if equili-
brium between the phases ("phase equilibrium"} is attained during the
mixing end settling operstion. The nearness of aepproach to phase equili-
brium during a single mixing and settling operation is used azs a measure
of the effieciency of the stege. Multiple-siage countercurrent extraction
mey be effected by the use of an additional vessel for each additional ex-
traction stage desired, by mixing end settling the two-phase system in each
veéssel, then transferring the phases in opposite directious through the
series of vessels. '

When the aqueous feed solution is extracted with hexone in the Redox
rrocess, the variables discussed under 1.2 (e.g., salting strength, pH,
and cation oxidation state) are controlled to favor the extraction of
uranium and plutonium while reteining the fission produets in the agueous
rhase. However, some Tission-product transfer to the organic phase does
occur. Such contaminetion of the hexonc rroduct streem is slleviated by
contacting the organic extract with an agqueous salt sclution under con-
ditions which discourage the return transfer of the U and Pu to the agqueous
phase while removing some of the fission products from the hexone solution.
The operation is referred to as scrubbing, and the transfer contacts are re-
ferred to as scrub stages. Following the scrubbing of -the extract phase,
Yecovery of the hoxone as well as the urcnium and plutonium involves the
transfer of the latter two components back to separste aqueous solutions,
The plutonium is extracted by an agueous reducing solution which removes
the Pu as indiccted in 1.27 but lesves the U to be stripped separately from
the hexone solvent.,

The mechanical methods of contzcting and separating Phases in solvent-
extraction are described in detail in Chapter V. Sinee the rate of trans-

area. However, efficient operation requires rapid separation of Dhases as
well as rapid transfer of solute, and is therefore dependent upon a com-
Promise between fine dispersion to give maximum contect surface between
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pheses and coasrse dispersion to give maximum rete of phase separetion. Foar
satisfactory operation the disengagement of e peir of contacted phases
should normelly be complete in less then a minute ss indicated by batch
contact results. Dete on disengeging times may be found in Subsection B9
of this chapter, end the laboratory method of determining disengeging
times is described in Chepter XX, The phase disengaging time 1s influenc-
ed by the pHE of the aqueous phase; ENO, is scmetimes added to Redox solu~
tions to lower the pH and hence facili%ate phase disengagement.

1.4 Determination of phese-equilibrium dete
1.41 Methods

A number of methods ere svailsble for the leborstory determination
of the mase tronsfer equilidrium dsts which are necessary for the evalus-
tion of the performance of solvent-extraction equipment. The mass trans-

‘* fer occurring in continuous countercurrent extraction equipment may be
simulated in the leboratory by the use of sepcretory funnels for perfect
extraction atages. Thus twelve extrection stoges may be simulated by
twelve vessele in which the paeses are contacted by shaking or by e
mechanical sgitetor. Waen phage equilibrium hes been reached within each
stage, the phases are sllowed to settle end then traneferred counter-
currently from cne vessel to the next. By the eddition of aqueous feed
snd removel of orgenic extrect st ome end of the series of stages, a8 well
8§ the eddition of hexone ertractent end removel of cgueous waste ot the
other end of the battery, operation of the system mey be continued until
a stendy stote hos been reoched, At thet point the composition of ¢ given
phase at o given stoge does not vory epprecisbly with additional contact-
ing and transfer of phases., When such o stecdy state has heen realized,
the solute distribution charscteristics of the particular extraction
system under study moy be determined by cnalysis of a1l the phases through-
cut the series of ve?gﬁls. The method is referred to in the Chamicsl
Engineers' Handbook ond 18 described in detoil in EW-14984.(173) Use
of the method in shielded operatioms is described in KAPL-P-243. Uranium
and nitric scid equilibrium data hove bee? dg}ermined by this method and
reported for the ANL June, 1948 Flowsheet 150) , the ORNL Jume, 1949 Flow-
sheet\175), and the HW No. L Tiowsheet.(173) The dats ere presented in
Section € of thie chapter.

Procurement of data by the sbove method is slow end reguires & large
amount of menusl operction of the equipment. Much faster end simpler is
the use of continucus mizxer-settler contactin% eguipment such as thet de-
veloped ot the Knolls Atomic Power Laboratory 106,108,122) (see Chapter V).
Such equipment is operated continuously by mechanicel meens until a steady
state 18 reached. It is thon possible to sample and analyze both phases
in ¢éach stoge. Such stagewise samples camnot be convenlently taken from
a continuous column contacicr.

1.42 Correletion of daoto

Correlation of the date obtsined by phase annlyses may be nccomplish-
ed for s multiple-stege countercurrent system by plotting the solute con-
centration (urenium, plutonium, or nitric acid) in the hexone phase against
the concentration in the aguecus phase for ench stage, then Joining the
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points by 2 smooth curve. If the concentrotions are expressed in terms
of phase volumes (see Figure IV-48 for plutonium), then the glops of

2 straight line from the origin through any point on the qurve represents
the distribution ratic ot thet point. When the Phase volumes do not re-
main constant during maoss transfer (cf. uronium and nitric acid), eguilib-
riun date sre correlated by prlotting concentrations in terms of the weight
of the solute-free phese. This type of plot produces an equilibrium line
such as thet shown in Figure IV-36. For urenium the concentrotion is ex-
pressed in terms of the trihydrate {zbbreviated UNT), becouse expressing
the concentration in both phoses in terms of the trihydrate results in n
more nearly straight opereting line than caleulations in ternms of the
hexahydrate. For doto on the state of hydretion of uranyl nitrote in
hexone see Subsection B3, cnd for detailed discussion of opereting dia-
grams see Chopter V.

1.5 Bolvent-extraction effectiveness

1.51 Physicel fectors

The physical foctors influencing the effectiveness of & solvent ex-
traction process cre introduced only briefly here; they are discussed in
greater deteil in Chopter V in connection with Redox contactor operation.
They are noted here to indicote their effect on the choice of chemical
flowsheet conditions for the Redex process. The factors include tempers-
ture, interfaciel tension, viscosity, density, and the ratio of the two
Phases contacted.

Raising the tempersture at which phose equilibretion 1s effected
alters distribution ratios and incresses the trensfer rote by increasing
the rate of thermel diffusion, decreesing interfrcisl tension, and de-
creasing viscosity. Lowered interfociscl tension favors greater dispersion
aend therefore larger contact orea, which results in undesirable ermlsifi-
cation in the extreme cese. For dete on the interfociol tension of Redox
solutions see Subsecticn B3. It is to be noted that the concentration of
a dissolved solute or the gccumulation of insoluble foreign motter ot en
interfece may reduce interfacial tension to the point of emulsification.
Decreased viscosity of either prhase of o two-phase system favors smeller
droplet size of the dispersed phase. Diffusion rote ond turbulence are
alsc greater in o phase of lower viscosity. The greoter the density
difference between the phoses, generslly the less 1s. the tendency for
emulsification. Then for an equeous-solvent system, the preference in the
cheice of a solvent will favor low interfacial tension, low viscosity, am
low density. The use of ccntacting temperatures other than ambilent hos
not shown sufficlent cdvantoge in the Redox process to be worth the added
equipment complications.

Solvent-extraction efficiency is also influenced by the phase ratio,
comuonly referred to as the L/V rotic where L represents the weight or
volume of agueous phase per unit time and V represents the same for the
organic phase. Weights of the solute - free phoses are used when the
mass tronsfer produces an appreciable change in phese volume (as in the
case of uranium transfer); volume units are simpler to use when the phase
volumes are largely unaffected by phose equilibration as ie the case for

—_— - DECLASSIFIED -_



Al C e DECLASSIFIES

the plutenium-cycle columns. The L/V rotic expresees the slope of the
operating line for & muss tronsfer process. For an extraction operction
an increase in the operating line slope (reising the cqueous to orgaonic
phose rotio) incresses the number of transfer stoges required to effect s
given separation as may be seen by reference to Figure IV-1l. ¥For o strip-
ping operation the reverse is true. If it is assumed that, other factors
being equal, the height of a perfect extraction stage remeains constant,
then increasing the number of stages necessitates increasing the height of
the extraction section of a column contactor. Conseguently, the choice of
phase flow ratios for the Redox flowsheet depends pertly, at least, upon s
compromise between economical egquipment requirements and economical solvent
consumption. For a more detailed discussion of the derivation and use of
opereting diegrams, see Chapter V.

1.52 Measures of extraction performance

Several methods are available for calculating the effectiveness of
a given separation process. The number of stages or transfer units re-
quired and the extraction factor are all measures of the difficulty of
performing & given extraction. Calculation and use of these values are
discussed in detall in Chapter V. The separation faotor is e less common-
1y used gquentity of value for compering the effects of variables on the
separation which can be achieved between two solutes in e perticular mase
trensfer operation. It is expressed as the ratio of the distribution
coefficlents of two solutes being seperated (see Figure IV-51 for the
separation of urenium from fission producte), end it is thus emalogous to
relative voletility as & mezsure of the emse of separation of compenents
in distillation. The seperstion factor is also related to the decontem-
ination factor (s shown in Figure IV-59) which is a measure of the effec-
tiveness of the separation of & process component from tission-product
conteminants and is calculsted from leboratory date by dividing the
measured counts per minute of & given welght of a component before and
after processing. The decontaminetion factor is discussed in deteil in
Chapter I. '

'1f6 Chemicel beses of the Redox process flowsheets

1.61 The Redox process system

' The nitrate system was chosen beceuse of the ease of dissolution of
the slugs by nitric acid, the ready extractebility of 'urenium and plu-
tonium nitretes, and the less corrosive nature of the nitrate system ae
compered with a chloride system for exemple. Aluminum nitrate end smmoni-
1wz nitrate both heve sdvantages es Redox saltling agents according to the
requirements indicated under 1.24. The choice of aluminum nitrate over
smmonium nitrote wos largely based on the much greater stability of the
former salt.

The selection of hexone ae the solvent for the process was based
largely on its availsbility, recoverabllity, and the fact that its selective
_ golvent sction met the decontamination requirements, as well as 1ts general
conformsnce with the other specifications indicated under 1.22. By way
of exsmple, the following table compares the density end viscosity of hexone
with four other proposed solvents {see Sub-Subsection 1.51 and Chapter V
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for the effect of these rroperties on process operation)

Specific Viscasity,
Grevity, 20/20°C, Cps. EQEQ;
Ether 0.7146 0.25
Dibutyl carbitol 0.8853 2.39
Dibutyl cellosolve 0.8374 1.34 .
Triglycol dichloride 1.197k 4.93
Hexone 0.8042 0.59

Many other solvents have been tested experimentally, some of which show
promise but are not readily available.

The ateps in the Redox solvent-extraction system sre described in
deteil in Chapter I including identificetion of each of the contactors
and the entering and effluent streems of each. In simplified terms the
process involves the following series of operations. In the IA Column
the aqueous feed solution is contacted with hexone to extract the uranium
end plutonium from the bulk of the fission products; the hexone solution
of U and Pu is then contected with an aquecus oluminum nitrate solution
to scrud out some of the fission-product contominotion carried along with
the uranium and plutonium. The hexone solution is next stripped of plutoni-
um by contacting with a salted aqueous reducing solution in the IB Column;
the plutonium is thereby reduced to the hexone-ineoluble Pu(III) state,
while the urenium remeines in the orgenic solution. The aqueous Pu solution
is scrubbed with sdditionsl hexone to remove sny ursnium which may have
been carried into the aqueous phuse with the plutonium. Finslly the uroni-
um is stripped back into woter sclution in the IC Column. The ebove out-
lined steps comprise the first 8clvent-Extraction Cycle which accomplishes
the separation of the urenium, plutonium, end fission products into three
separate aqueous streams. Additional extraction, scrubbing, and stripping
¢ycles are then cerried out on the separate equeous urenium and plutonium
streams in order tec effect further removal of conteminents from those
streems. Subsections A2 through Al2 discuss in detail the process chemistry
of each column and related operations.

1.62 Acid and acid-deficient operstion

It has been pointed out under 1.26, above, that free nitric acid has
a salting cction in the aqueocus phese. The effect on the distribution of
uranium into hexone is illustrated in Figure IV-31. However, raising the
agueous acld concentration incresses the distribution of fission products
into hexone ot a grecter rote then for wranium es is illustreted by the
plot of the urenium-fission product separstion factor illustrated in
Figure IV-51. This relotionship was the basis for the development of the
acld~deficient Redox flowsheet to produce grester decontemination from
fission products.

The Argonne National Leboratory (ANL) Redox flowsheets sre acid flow
sheets in which excess nitric aecid is present in all streams (see Tuble
IV-2 and Chapter I). The Oak Ridge Netioncl Laborstory {ORNL) Redox flow
sheets are mcid-deficient in the sense thot neutral hexone is used for the
orgonic extractant, and the gqueous strecms in the uranium extraction
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cycles contein less than the steichiomctric amount of nitric ion required
to belance the uranyl and cluminum ions after deducting sodium nitrate.
Due to hydrolysis of the uronyl end eluminum nitrate selts, however, such
o system still shows an scid pE. The Hanford Works (EW) Redox flowsheets
are o hybrid combination of the ANL end ORNL flowsheets to utilize the
ndvantages of both. In other words, the concentrated or product end of
the uranium extractor is opercted under scid-deficient conditioms in order
to achieve the highest possible decontsminetion of the product stream. On
the other bhond, the dilute or waste end is opersted in the presence of ex-
cess nitric acid in order to utilize = higher distribution ratio for the
attainment of lower weste losses {see Figure IV-33). This is achieved by
oddition of acid to the 0{§anic extractent strecm, and is successful be-
couse 1t has been shown(3 ! that fission products transferred to the
hexone under acid conditions are largsly stripped bock to the aqueoug phese
under acid-deficient scrub conditions, with the possible exception of
ruthentum.(119) -

1.63 Redox flowsheets

After estobl.shment of the genersl Redox process pattern including
the extractant and salting cgemt tu be used, developnent of an optimum
flowsheet requires correletion of the chemicel variebles discussed in Sub-

. section 1.2 with the physicel factors noted under 1.51. Of perticular im-
portance are the concentrations, ocldities, phese flow retios, end the
_oxidizing, reducing, and holding sgents used. An optimun flowsheet should
gilve the desired yleld ond purity of products with the minimm feasidle
. volume of waste. The product specifications end the Redox process flow-
sheets designed to meet those specificotions ore discussed in Chopter I.
For purposes of comperison, Teble IV-2 surmorizes the first~cycle chenical
compositions for en acid, ccid-deficilent, and hydrid flowsheet. The
.. .chemical flowsheet varinticns are discussed in detaill for each column in
~ -the following sections.

2. IA Column

‘ ;.2.1 General principles

Lo

The primery function of the IA Cclurm is to seperate uranium and
plutonium from other transurenium elements end from fission products form-
ed in the pile-irrsdisted metal. For trensfer from the squeous féed streom
.to the hexone extractent under pcid-Geficient conditions, the U and Pu mst

 be in the (VI) vonlence stote. In'the operation of the Dissolver with ex-

' cess uranium metal present ot oll times, the uranium is lorgely oxidized

_ to the (V1) state by the nitric ccid, while the Pu, being more difficultly

" oxidized, remsine largely 1in the (Iv) stote. Therefore, feed preparation
requires an oxidation step, as & result of which, excess oxidizing agent

. remeineg in the column feed. A small concentretion is also edded to the
sorub solution to serve cs a holding oxidant. Amerlciun and curium cannot
beoxidized ebove the (IIT) stote in on aqueous scid medium, (11, 64) and
therefore do not transfer apprecilebly to the organic phase, but instead are

,rencved in the aqueocus waste streem. Neptunium is feirly readily oxidized,
and as a2 result, appears both in the product streen end in the waste strean,

.-its distribution between these streams being dependent on the column opera-

. ting conditions. The fission-product elements are more difficult to oxidlize
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then U and Pu gs o general rule, and consequently are more than 99 per
cent removed in the IA Colurm raffinate,

The course of the IA Column strecns is described in Chapter I. For
flowsheet compositions of the entering and effluent streams sece Teble IV-2.
The IAF:IAS:IAX flow rotio is 1:1:4, giving an agueous-to-organic volume
ratio of 1:2 in the extroction section end 1:4%in the scrub section.

2.2 Physical properties of the IA systen

Since the transfer of uranium from the agueous to the organic phase
is exothernic, the tcmpernture in the IA extraction system rises above room
tenperature. The highest temperature appecrs just below the feed point
where the greatest moss transfer occurs, and there is a definite tenpern-
ture gradient over the length of the column extraction section. Since
there is little cctusnl nmass transfer in the scrub section, the only tempere-
ture effect in thet section is the equilibration of the cocl IAS streanm
vith the warm hexone extract. For deta on heats of extraction, see Sub-
section BlO.

A lorge density grodient exists in both pheses in the IA extraction
section, wheress the scrub section shows little change. Table IV-25 shows
the staegewise change in aqueous density as determined by laboratory counter-
current batch equilibrations for three typicel flowsheets.

2.3 <Chenical properties o: the IA systen

: Higher velence states of the elements are gencrally more extractable
by hexone than lower stotes (the V stote being an exception). Uraniunm
voalence states below (VI) do not nornally oppear in the Redox s8ystem, ond
the plutonium (VI) state 1s ot lesst as ?ggractablg as uranium (VI) under
both acid and ecid-deficient conditions. »123,199) Mereover, the
interfacinl tronsfer mechsnisn of uroenyl end plutonyl nitrates is probably
the sane, and due to the sinilerity of the two compounds it is expected
that such properties as the rote of diffusion are of the same order of
nmegnitude although experimental verification has not yet been obtained,
With these assumptions it is believed that the transfer-unit helghts of the
two components should be corporable, end the Pu losses should ordinarily
be within specifications if the uranium losses are within the tolerence
limits (provided the Pu is fully oxidized}. Sodium dichromnte is contain-
ed in both the feed end serub streams in order to sssure the retention of
the Pu in the (VI) state. Actuelly Py (IV) 1s also extractable but to a
lesser degree then Py (VI), and furthermore it tends to be unsteble in en
acild-deficient system with the formotion of the Pu{1V) polymer (see
Section B). Pu (V) is inextractoble, but is readily oxidized to the (VI)
state, indicoting the need for o holding oxident ond for the absence of
reducing impurities in the hexone extractont.

As indiceted by the following table for botech extractions under both

acid end acid-deficient conditicns, emericium is essentially inextractable
in the Redox IA systenm:(116)
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Distribution of Apnerlcium

— Streen Compositions Anericium
IAF IAS TAx* Eg
(a) 2.0 MUOL(MOL)p, 1.3M AL(NO3); 0.5 M HNO, ; E 0.0018
0.3 M HNO, 0.004 M HNO, ) ( 0.0017
(v) a.o-giuoa(u%)g 1.95 M Al(NO3)3 Nettral ; % 0.0029
-0.2 ¥ HNO, -0.13 M HNOy - ; | E 0.0030
0.1 M Crg0; : 0.01 ¥ Cr,0.,° )y  { 0,0032
&1 e ) 0.0024

*Y'he presence of 0.2 per cent methyl isobutyl cerbimol in the
hexone did not roterially clter the distridution under acld-
deficient conGitions. While specific numbers are not avail-
able, curium is also believed to be na highly distributed into
the eqQueous phase in the IA system. -

The oxidation-reduction potenticls are such that the oxidation of
plutonium to the EIX) state will slso oxidize neptunium to. the (VI) state
in an acid medium! However, the neptunium (VI} state is unsteble
under acid-deficient conditions (ebove gg 06?) and is reduced to Np (V).
Neptunium (VI) is slightly extrectoble(32:30) wnile in the (V) state
neptunium is essentially inextractable.(39’132 Distribution retios for

" oxidized neptunium have been reported as followa:{39)

Distribution of Neptunium

__Composition _ " Neptunium .
Aqueous Orgenic _ Eg
0.13 M ENO3
0.7 M AL(NO,),
(b) 1.0 M U02(N03)2 - Neutral | 0.02
. to 0.03

-0.2 M HNO,

1.0 M A1(NO5) 3

DECLASSIFIED




s 119 ) &

The smaller distribution ratic observed under the ncid-deficient conditims
is very likely due to pertial reduction of the Np to the (V) state as well
ag to the effect of the scidity of the dlstribution of NKp (VI). In the
Redox IA system, neptunium will then follow both the IAP and IAW streans,
end the portion following the product streem will be muich smeller under
acid-deficient then under acid conditions.

The use of o salting ocgent in the agueous streon is necessory in
order to obtaln o satisfactory distribution of uranium ond plutonium into
the extractant. Of the meny cgents investigated(lQB), ammonium nitrate
and alum?nu? nitrete have proved most satisfactory with hexone os the
sclvent. 91 Amonivm nitrate hos yielded results indicating better de-
contenination, and because of its volatile cation it would probably be
advantageous in disposing of the waste. However, aluminum nitrote has been
found to be o satisfactory substitute which does not have the disadvantage
of the instability of the smmonium salt. :

The largest shere of the decontonination in the Redox Proceas is
achieved in the IA Column, ond is norkedly influenced by the nitric acid
concentration in the systen. Acld-deficlency has the adventage of improved
decontamination over o straight ccid flowsheet for the IA Colurm. This
applies to neptuniun as well as flssion products since in en acig-deficient
systen, the Np (VI) tends to be reduced to the aqueous-soluble (V) valence
stote. However, the reduced acldity olso lowers the distribution of Pu
end U into the organic phase. Compensation for this latter effect is
achieved by incressing the salting strength, by opersting the dilute end
of the column under ecid conditions in order to toke adventage of higher
distribution ratios (cf. the hybrid HW flowsheets), or by reducing the
L/V rotio. As uey be seen by reference to Table Iv-2, the ORNL acid-
deficient flowsheet: and the HW hybrid flowsheet both show higher salting
strength then the ANL acid flowsheet. The nitric acid relationships in
the hybrid IA system ere reviewed in HW-1498%(173) and in KAPL-316.(119)

Sodiun dichromete has been found to be the most setisfactory holding
oxidant for use in the IA Column. However, the following table indicates
th2t the plutenium entering the columm at o valence stete lower than (VI)
will not be appreciably oxidized in the columms(118)

Rate of Oxidation of Pu (IV) to Pu (v1)

Temperature, Time Required to Oxidize
°c. Balf of the Pu (IV)
25 No appreciable oxidation
after 24 hours.
45 - kb minutes .
85 1 minute

Agueous phase: 2.0 M er(mo3)2, -0.25 M HNOg,

0.1 M Crp0.%, 4.6 x 107% y py.
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" For a detailed discussicn of lexone impurities and their influence m
the’process, see Subsection Bl. Doletericus Impurities cre lorgely removed
from the orgenic streams by the hexone pretreatuent operations. However,
it me b? noted here thet i.purities of a reducing ncture, such as mesltyl
ox1det 97 , tend to convert plutoniun to & less extrectoble lower valence
stote in the IA Column, Methyl iscbutyl corbinol, present in row hexone
ag an ilmpurity of menufacture, complexes fission products into the hexone
phase and therefore. (particulerly at ocid flowsheet conditions) reduced de-
contomination if allowed to enter the IA systen.

As ooy be seen by reference to Scetion C, en increase in the teupers-
ture of the two-phase systen results in a lowering of the distributiom of
uraniun end plutonium into hexone. The uraniun trensfer is exothernic ond
results in an apprecisble tenperature rise just below the feed point where
the grecteet transfer cccurs. Under gcld flowsheet conditlons, however,
ne aéventage 18 to be gained by lowering opernting temperatures below
normal roon tempercture in order to increase the uraniun distribution into
the organic phase, since the decontomination fector decrecses by & factor
of two when the tenmpercture is lowered fron 50° to 15°C. The principel
effect of decreasing the tempercture is to reduce slightly the nucher of
steges reguired to sttoin e pre-deternined waste logs limit.

Tncreasing the ratio of the aqueous phose to the hexone phase (L/V
ratio, see Subsection 1.51 and Figure IV-1) produces several seporate but
rolated effects in the IA Colurm. If the 1/V rctic is increesed in the
scrub section by raising the IAS flow raote, the reflux of sll reversibly
extractable components in the hexone streem 1is increased; the U and Pu
concentrations in the IAP stremn are thereby lcwered. If the L/V retio
in the extrection section is rnised by increesing the IAF flow rate or
lowering the IAX flow rste, the product ccncentrotion in the IAP streanm
is roised. In ocddition, the higher ratic necessiteies uore stoges in the
extraction section in order to reduce the product concentration in the
aqueous woste below the moxirum permissible. On the other hond, decon-
terination is improved aos mny be seen by reference to curves Dand E in
Figure IV-59. The laotter effect uay be considered as due to the higher
uraniun concentration in the hexone phose back-galting fission productas
intc the ogueous phase. Variation of the L/V ratio hes en additional
importent effect on column opersticn when a hybrid flowsheet 1s being
used. In this case the entering squecus stresms ere scld deficient while
the IAX hexone streem conteins nitric ecid. Then the balance between
free acid and acid -deficiency in the equilibrating systen is just as de-
pendent on the relotive flow retes of the two phoses as it 1s om the phase
compositions. For excmple, elther increasing the nitric acid concentra-
tion in the IAX, or reducing the L/V ratic by raising the IAX flow rate,
will carry more pitric ncid into the IA extraction section. Consequently
the colunn would be opersting with rore acid extractlon stages and fewer
ncid-deficient stoges. The effect is to reduce both the woste losses
sustained and the decontomination achieved. Hybrid fiowsheet operation
is thus sensitive to flow rate control.

2.4 Waste losses

The IA Column waste losses of urenium end plutonium are affectel
by the state of oxidetion of each component, the acidity of the system,
selting strength, and L/V retio. In addition, the component concentratim
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in the feed stresn noy have an effect in unususl eircunstaonces.

Urenium occurs in the Redox systen only in the readily extractable
(VI} valence state, and therefore presents no difficulty as far as oxida-
tion state is concerned. However, plutonium cen appear in lower oxidation
states, and any appreciable proportion of Pu occurring below the (vi)
valence state in the IA system is reflected in Pu losses in the IAW stream.

The acid balance in the column influences waste losses by the effect
of excess nitric ascid on U and Pu distribution ratios. Free nitric acid
in the agueous phase salts uranium end plutonium into hexone. In an acid-
deficient flowsheet this factor shows little variability, while in an acid
flowsheet the effect is largely dependent upon the acid concentrations of
the feed streams. In a hybrid flowsheet on the other hand, the amount of
free acid in the system is sensitive to relative flow rates as well as
coppositions {see the previous Subsection 2.3). If the L/V ratio is de-
creas?d by increasing the IAX flow rate with HW No. 4 Flowsheet conmposi-
tions!193 s the Increased amount of nitric acid in the system increases
the U and Pu distribution retios (E8); furthermore the slope of the
operating line 1s reduced, thereby reducing the number of effective stages
required to achieve & given recovery of uranium and plutonium.

with the salting agent concentration, eny reduction in salting strength
increases the number of extraction steges required to hold the waste

losses below & specified meximum. This may be seen by reference to Figures
IV-1 and IV-37, where it ig epperent thet lower salting strength gives a
lower equilibrium line which in turn necessitates more stages to reach the
given loss, X;. Such a reduction in selting strength may occur not only
by virtue of lowering aluminum nitrate concentration in the IAS streem, tut
also by decreesing the IAS flow rate relative to the IAF thereby producing
greater dilution of the IAS salt stream by the unsalted IAF. Whether or
not such & reduction in salting strength results in higher-than-flowsheet
waste losses depends upon the spere exiraction capecity built into the
contactor. Thus if the stege height for a given system is 2 feet and the
extraction section 1s 30 feet long, then increasing the number of stages
required from 12 to 1k does not result in excessive losses since 15 stages
are availsble,

Similarly, only if the extraction capacity of the system were being
fully utilized would an increase in feed urenium concentration be reflected
in increased U losses. It may be seen from Figure IV-1 that increasing
the IAF ureanium concentration Places the starting point (Xf) of the ex-
traction operation higher on the operating line, snd more extraction stages
are required to reach the waste loss goal. However, it is to be noted
that fluctuations in the IAF uranium concentration are reduced in their
effect on the point Xy by the dilution from the IAS stresm. No serious
effect, therefore, is generally produced on waste losses by small fluctua-
tions of feed uranium concentration.

It should be noted thet the determination of plutonium losses in the
IAW stream by total slpha count regquires & correction for americium and
curium content. The latter elements are removed from the Redox system at
this point. Their concentrations will very with the pile power level and
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exposure time, and must be accounted for by seporate cnalysis.

2.5 Decontamination

The presence of excess nitric ccid throughout the IA Column decreases
the IA decontaminetion obteined cnd, conversely, the decontamination is
improved by ecid-deficient operation. In the cose of hybrid flowsheet
operation of the IA Column, ocid extractlon conditions at the bottom of the
column cause distribution of scme of the fission products into the hexone
streem which is then portielly deconteminated by the acid-deficlent scrudb
section at the top. However, in this cese, decontamination is somewhat
less satisfactory than with totally acid-deficlent operation since some
fisslon products, particulerly certain forms of ruthenium, are irreversibly
extracted {see Subsection C4).

Methyl isobutyl corbinol, which is on jmpurity produced in the menu-
facture of hexone, tends to reduce decontomination by complexing cerium,
niobium, ond zirconium in the orgenie pnnse, under ocid flowsheet conditlons,
though possibly not under ecild-deficlent conditions.(128) However, the
MIBC is readily removed fron the hexone by oxldation pretreatment‘(see
Chapter IX).

Within the range of process concentrcticns {1.e., ebout 2@ M aqueous
aluninum nitrate or below), increasing gluminum nitrate ooncentration in-
creases the seporstion fector slightly.(137) This moy be seen by referemce
to Figure IV-51 which indicates thet the urenium distribution ratio (E§) in-
creases with ANN concentretion et g slightly grester rate than for filssion
products.  This releticnship holds for both ecid end scid-deficient opera-
tion. The decontemination foctor, however, under gceid flowsheet conditions
(6.2 M HNO, in IAFS), increases with cn increase of Al(NO=2); up to ca. 1M
in the aqu;ous.phnse and then decreases with edditioncl A§(§03)3. Under
ecld-deficient flowsheet conditions (-0.2 M HNO3 in IAFS) the” décontemina-
tion factor increases with an increese of AL(NO3}3 up to ca. 1.4 M in the
aguecus phese before beginning to decline.

Uranium concentration hes some influence on decontamination through
the apparent effect of back-salting fission products from the hexone to
the agueous phase. This has been demonstrated particularly for cerium
under acid extraction conditions,.(11l)} A change in operotion which in-
cresses the uranium concentretion in the IAP strecm (e.g., a decrease in
the IAX relotive flow rate) will then tend to improve the decontaminstion
effected in the column scrub sectiom.

For detailed date on fission-product distributlon see Subsection ch.
Decontamination results obtained in column operation ere presented in
Chapter V.

3, IB Column

3.1 Genersl principles

The purpose of the IB Column is the seperoilon of uranium from
plutonium. This is accomplished by stripping the plutoniun into an
aqueous streem while reteining very nearly ell the uranium in the organic
streem recelved from the IA Column operetion. The IB Column arrongement
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is similar to thot of the IA in hoving en intermediate feed point, but is
inverted in the sense thet the extraction section (Pu stripping) is located
in the upper portion of the colunn, while the agueous plutonium strean is
scrubbed in the lower portion of the colunn. The course of the IB Column
streams is described in Chapter I. For the flowsheet compositions of the
colurn streems see Table IV-2. With o IBF:IBS:IBX flow ratio of 420:200:40,
a 10-fold concentration of the plutonium is effected in tris column.

The plutonium is stripped from the orgenic phase, in spite of high
aqueous salting strength, by reduction to the organic-insoluble Pu(III)
valence state. The reducing agent is introduced in the IBX stream. At
the same time the uraniunm is reteined in the organic phase by virtue of
the aluminum nitrate salting egent which 1s also present in the IBX stream.
Neptunium is reduced to Np(IV) end is divided between the two .effluent
streams in a proportion which is very sensitive to the acidity in the
column; high aqueous acidity favors distribution into the hexone. Fission
products such as ruthenium are ot least partly reduced to more agueous-
soluble forme, and are consequently divided between the uranium and plutmi-
un streams. '

3.2 Physical properties of the IB system

Since only o smell emcunt of pPlutonium and uranium ere transferred in
the IB Column, there is little chenge in the density of the column streams
ae may be seen by reference to Tohle IV-2. However, a large loss of
uranium in the IBP stream hog the effect of slightly increasing the aqueous
density. ¥Flowsheet specificotions permit o maximun concentration of
0.0006 groms of UOo(NO )2+6Hp0 per liter in the IBP stream; this concen-
tration would have to ge Increased 400O-fold to produce an agueous density
increase of 0.000L g./ml. Furthermore, the moss transfer is so small that
no temperature gradient due to heat of extraction is observed in the
column. Control of enulsification is effected by the slight excess of
ocld entering the top of the column in the IBX stream.

3.3 Chemical properties of the IB system

The four %Prmal valence states of plutcnium are represented by the
ions Putd, Put®, Puo.t, ang PuOgst2 . “The (III) and (IV) valence states,
and the (V) and (VI) states, respectively represent reversible couples in
vhich oxidation or reduction involves only the transfer of an electron.
Transformation between one of the two higher ond one of the two lower
states involves the moking or brenking of OxXygen bonds and consequently
tends to be o slower resction. However, ferrous icn has been found to
effect plutonium reduction sufficlently rapidly that the reaction may be
completed during the normcl residence time in the plutoniur extraction
section of the IB Column.(49,8

The oxidetion-reduction potentials of the principol heavy elements
entering the IB Column are given in the following table:

,[) ,
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Couple Potentinl, Volts

Element (111)-(IV) (Iv)-(vi}
U +0-63 -0.33
NP -0 -ll" -0 -914'
Pu -0.96 -1.0

According to the sign convention used in this toble, higher algebraic
value of a couple potentisl indicates stronger reducing power of the
reduced form of the couple., Expressed in the form of an oxidation-re-
duction equation, such as:

utd . utdpem (B =+0.63 volts),

the higher algebreic potential of this couple indicates a greater tendency
for Uf’ to give up en electron and assume on slgebralcally higher ionic
chorge thon the rest of the couples in the toble. Then since the Pe{1X)-
Pe(II1) couple hos & potential of -0.T7 volts, it mey be seen that ferrous
ion cen reduce Np(VI) to Np(IV), that it can reduce both Pu(IV) and (VI)
to Pu(III), and that it cannot affect uranium which will remecin in the
organic-soluble (VI). state. Since Pu(III)} 1is not selted into the orgenic
phase, essentislly all the plutoniun is then traonsferred to the agueous
phase. The yield of plutonium and the decontemination of uranium with
respect to plutonium therefore depend on the completeness of the Pu re-
duction, ond on the rate of the reduction. The time required for reduc-
tion under IB Column conditionQ‘has been found to be less than e minute.

, It has been found thot there is o tendency for the plutoniun to be
reduce?aén B?B nexone stresm pricr to conmtact with the IB Colurm reducing
agent. )3 In the IA Colurm, reduction of Pu to the aquecus~soluble (v}
state is prevented by the presence of dichromate, but pertiel reduction

to the (IV) state mey occur in the hexone after the IAP stream leaves the
14 Column. However, this reduction does not take place in the absence of
reducing impurities in the hexoue.(

The retlc of hexone-inscluble Pu(III) tu hexone-soluble Fu(Iv) in the
aguecus phose is dependent upon the ratio of ferrous to ferric ion, end
ney be expressed by the following equotion:

Pusnxz . g Fe(al
Pu(Iv Fe(11I) ’

where K is e proportionslity constant.(as) Then in & hexone-agueous
system if 1t is essumed there is no Pu(IIT) in the orgenic phase, the
plutoniun distribution may be expressed by the follqwing‘relationship:

(v
B . PuIV) s,
Pu(IID)yg  +Pu(IV),

where the Pu symbole indicate the concentrations of the respective plutoniun
valence stetes in the organic and agueous phases. Substituting for Pu(IIX)
in the above eguation we arrive at the relationship
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EZ for Pu(Iv)

EC -
1+ K Fe(II)/Fe(1II)

Q

The constant, K, and the distribution retio of Pu(IV) are fixed by the
acidity ond the salting strength of the system. Their volues at various
aluminum nitrate concentrations in 0. M HNO3 in the aqueous phase are
summarized in the following table:(118)

Aluninun Pu(IV)

Nitrate, M Eg K
0.5 0.30 1800
0.9 1.0 500
1.3 8.4 360
1.5 5039 320
2.0 - 250

Then for a given system the effect of the ferrous-ferric ion retioc on
Plutonium distribution‘mag be celculrted, and the results have been denon-
strated experimentally.(8 ) Furthermore, if the Pu distribution ratio is
calculated for a given ferrous-ferric ratio and 1t 1s assumed that the
Plutoniun distributison remains constant et all process concentrations of
Pu in the given systen, then the plutoniunm equilibrium line for the system
can be calculated from the distributicn retic and e given operating line
(see Chapter V). It is glso Possible to ¢alculote that s ferrous-ferric
ratio of grester than one is required to reduce the plutonium losses in
the IBU strean below 0.2 per cent for five cxtraction stages.

Ferrous iron is the most satisfactory IB system reducing agent which
has been found. However, ferrcus ion is thermodynonmically unstable in the
IB systen and would noreelly be rapidly cxidized by etmospheric oxygen in
coutact with the IBX stream, or by nitric scid. Stabilization of the
ferrous ion, however, is echiaved by the a2ddition of a holding reductant.
Those reductants which nre Particulorly effective in this role are capeble
of rapldly destroying any nitrous scid that mey be present or which may be
formed in the systen. Mony holding reductonts hove been tried with vary-
ing degrees of succesg. ! Anong these are hydrazine, hydroxylemine, urea,
and sulfemic aeid, all of which ¢entein an ~-NHp group cepable of reacting
with nitrous aeid. oOf these, hydroxylemine cnd urea do not react in the
bresence of hexone, hydraszine is toxic and tends to form a hexome-scluble
ketazine complex with plutenium, while sulfamic acid is a readily obtained
and ecsily handled solid which reactes sotisfoctorily. PF£}II),-as welk -
as Fe(Il), is autocatalyticelly oxidized by nitrate ion.\!) The cxidation
epparently involves nitfouﬁ ecid, the destruction of which, prevents the
sutocatalytic recction.tl0%) However, the nitrate oxidation of PuéIII)
at room temperature is slow in the cbsence of g, holding reductant.(76)

The stebilizing sulfamote radical may be introduced into the system either
88 the ferrous sulfamote selt or cs free sulfonmic scid,

Sulfate ion may appear in the IB system either through the use of
ferrcus ammonium sulfate ags the yeducling sgent, or as the result of hydrol-
ye8is of the sulfamate radical fron ferrous sulfarete or sulfapic acid.
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However, the rate of sulfomnte Hdﬁ?lysis is slow at rom tenperat!:EtlaEan

at low free acid concentration,!+O The presence of sulfate in the system
is a potential source of contaminetion of the IBP stream due to its forme-
tion of the agueocus-soluble uranium sulfate complex. However, it has been
found that the effect is slight for sulfate concentrations below about

0.01 M, and that the effect is inhibited by excess acid, by aluminum nitrate,

and by ?he presence if iron which sppeers to complex the sulfate preferen-
tielly.(57)

The scid content of the IB system is largely dependent on IA Column
operation, since most of the nitric acid that enters the IB Column is con-
teined in the IAP stream. However, & slight amount of nitric acid is added
to the IBS hexone stream, and a slight excess of acid is generally used in
preparing the ferrous reducing agent in order to prevent the precipitatic
of ferric nhydroxide. This latter acid is consequently added to the IBX
golution. Excess acid 1s desirable at the top of the column to accelerate
phase disengagement. In addition, the IBP stream is potentially unsteble
under acid-deficient conditions because of the tendency for plutonium to
precipitate as the oxalate in the presence of methyl isopropyl diketone
impurity in, the T This is prevented by the eddition of acid to the
IBguztrzam.(3§=6??§8*§6) F d

Raising the IBX flow rate to increase the L/V (aqueous-organic) ratio
in the IB Column has the effect of reducing the concentration of the pluto-
nium in the aqueous efflucnt, and of decrcesing the decontamination of the
Pu with respect to uremium. The relative flow rates must be & compromise
between complete removal of the plutonium from the orgenie phase on the
one hend, and concentration of the Pu without excessive carrying of uranium
on the other. Decreesing the L/V retic by increasing the feed rate in-
creases the agueous Pu concentration, but elso increases the tendency for
loss of Pu through incomplete reduction. Increasing the IBS rate only
serves to lower the uranium concentration in the IBU, end since fission
products are of secondary importence in this columm, the scrub rate need
only be sufficient to insure removal of U from the aqueous Pu stream.

Since urenium snd plutonium distribution ratios vary with temperature
at ebout the samc rote, and since the rate of plutonium reduction is
adequate at room temperature, there appears to be no advantage to be
‘geined by operating the IB Column at other than room temperature.

The principel difficulty to be encountered from hexone impurities
in the IB system is the adverse effect of oxidizing impurities. Mesityl
oxide oxidizes ferrous ion, and if present in appreciable quentitics it
" could thereby upset the plutonium distribution. It should be effectively
removed by solvent treatment (see Chapter IX).

3.4 U and Pu recovery-aﬁd decontaminetion

Uranium recovery is dependent upon sufficient sclting strength
in the agueous phase, and on the number of scrub stages aveilable. The
number of scrub stages regquired is influenced by the 1/V ratio. A large
increase in the reletive flow rate of the IBX streem with respect to the
IBF streem increases the per cent of urenium in the IBP stream, and in-
creases the number of stages required in the scrud section to effect 100
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per cent reflux of the urenium bock up the column., On the assumption
that the distribution ratio is constont, with other factors equal, an
increase in uraonium concentration in the IBF stream increases the amount
of uranium transferred to the aqueous phase. This potential loss is
effectively offset by a slight increase in the IBS flow rate.

Plutonium losses in the IBU stream are not greatly offected by
salting strength or scidity. The most importent foctor is efficient
reduction through the maintenance of high ferrous to ferric ratio in the
IBX stream and the presence of an adequete holding reductont to maintain
this ratio during the column contact period. Decreasing the L/V ratio
in the plutonium extroction {upper) portion of the IB Golurm has the
effect of decrecsing the opportunity for complete reduction of the Pu, as
well as increesing the nurber of stages required for the transfer of the
Pu to the squeous phese.

Decontemination 1is of only sccondery importance in the IB Column,
end the fission products ere cbout equelly divided between the IBU and
IBP streams. Neptunium lcrgely follows the uranium under high acid con-
ditions in the IB Colurm, but tends to be divided between the IBP and
IBU streems as operating acidity is reduced.

L., IC Coiumm

.1 Genersl principles

The purpose of the IC Colurn is to return the uranium to an agueocus
solution largely free of plutonium crd Tission products. The stripping
is accomplished by ¢ simple oxtraciion operation. For three typical flow-
sheet compositions of the IC Colum streams see Table IV-2. With en
agueous-to-organie flov rate ratio of cbout 0.3, approximetely a 3-fold
concentrotion of the urcnium is effected in the colwm. Purther large
reduction in the flow rotio is undesireble as too great a difference in
flow retes produces a "pinch” between the equilibrium and operating lines
at the concentrated end of the operating diegranm; this causes excessive
stripping stoge req:irements and high uranium losses.

Neptunium and plutonium are stripped into the aqueous phase along
with the uranium. About & 10 per cent inmprovement in decontemination is
effected in the column since irreversibly extrmcteble fission-product
elements leave the column with the ICW hexone weste stream. The ma jority
of the fission products, however, follow the urenium. The ICW is direct-
ed to the I0 Coclumn zond subsequent hexone recovery steps (see Chapter IX)
before being recycled to the solvent-extraction battery.

k.2 Physical properties of the IC gysten

Flowsheet HW No. 4 stipulates o maximum urenium weste loss in the
ICW stream of 0.05 Por cent of the JA Column feed uraniun, or sbout .07
grams of UOQ(N03) per liter of ICW. Doubling this waste loss to O.1 per
cent of feed urangum increases the ICW density by ebout 0.0001 g./m1.
Thue, while large uranium waste losses appreciably affect the ICW density,
small devigtions are not accurntely determined by density measurements.
The IC Column agueous density profile has been calculested for the ANL and
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ORNL flowsheets(2°3), and stegewlse densities determined by laboratory
countercurrent batch equilibration are tebulated in Table IV-25.

The stripping of uranium frem hexone to an aquecus phase invelves
the sbsorption of heat. Consequently there is a definite cooling of the
IC Column streams with the lowest temperatures appesring at the point of
greatest mass transfer in the column. TFor the heat of transfer of urenium
in the IC stripping, see Subsection BlO.

Under low acid conditions in the IC Column, emulsification of the
phases tends to occur. This difficulty cen generally be inhibited by the
addition of 0.0l M HENO, to the I(CX sireem., For deta on IC Column phase
disengaging times, see Subsection B9.

4,3 Chemical properties of the IC system

The IC extractant is water to which a small esmount (0.01 M))of nitric
acid mey be added if necessary to minimize emulsification. Since salting
agent is absent, the uraniu: distribution highly fevors the squecus phase
a8 is also the case with the neptunium and plutonium. This is true re-
gardless of the state of oxidation of the Np end Fu when they reach the
IC Column. The uranium remsins in the (VI) valence stete. The fission~
product elements likewise lergely follow the urenium in the ebgence of
galting agent. For distribution dete under IC Column conditions, see
Sectien C,

As in the IB system the acidity of the IC Colwmn is for the most part
& function of the amount of acid carried over from the previous column
operetion. With acid-deficient or hybrid flewsheet operatien of the IA
Colum, less than 0.0k M nitric acid is carried in the ICF stream. No
801d i necessary in tbe ICX stream to strip the uranium completely, bu:,
as has been noted, the addition of a small smount of nitric acid to tha
stream is desirsble to minimize emulsification In guch a low acld syszem-
If the ecidity of the system were to become extremely low at any P°12d
(pH ébove sbout 2.5), difficulty might be caused b{ the E*drolyﬁiﬂ a
dimérizetion of urenium according to the reaction:(47,12

4 B0 = Upostt 4 om’ .

The possible stebility and distribution of this dimer in the IC sqstem ?re
imperfectly understood. While the stream flow rates end uranium u:nign
trations sre essentially the seme for ascid, acid-deficient, end hydiffe ent
flowsheets, the nitric scid profile in the IC Column is decidedly T
for the different flowsheets.

2uo,*

Since uranium distribution into the aqueous phase is fevored b{egéf
inerease in temperature. the lowering of the temperature of thﬁ Eys adiaf
mass transfer reduces the distribution into the aqueous phasé nhigve the
batic syetem, end necessitetes edditional stripping staSGSjt° ﬁ°h 3 mn
desired extraction. In ectual practice, heat trensfer threugh t etco ra-
wells may lergely nullify the effect by raising the organic phas:heempee
ture to normsl by the time it lesves the column at the top. ¥ur hrmzﬁv’

the temperature effect may be readily counteracted by increasing the
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ratio {incressing the slope of the strip operating line) which decreases
the number of stages reguired to achieve a given waste loss limit. For
the effect of tempersture on uranium equilibrium in the IC system see
Figure Iv-3kL.

Decreasing the squeous/orgenic flow ratio, by increasing the organic
or decreasing the agueous flow rates, results in increased concentration
of the uranium in the aqueous phese. Additional stripping stages or
transfer units will then be required to reduce the urenium waste loss in
the ICW stream. Concentration of the urenium in the IC Colum is desired
because 2 M uranium solution is required for feed to an additional urenium
extraction and stripping decontaminetion cycle. At high agueous concen-
trations, however, the distribution ratio (Eg) of urenium becomes unfavor-
able. The IC Column flowsheet then represents a compromise between .
ninimum stripping transfer units (high aqueous flow rate end short column) ,
low uranium waste losses (low agueous uranium concentration), and stream
stability (aqueous and organic flow rates of the same order of magnitude)
on the one hend, and high esqueous ursnium concentration for second cycle
feed on the other.

L.4 Yosses snd decontarinstion

Decontaminetion in the IC Column is of secondary importance, and
is largely a functicn of which fission products follow the uraniun from
the IB Colwm. The Pu(IV) polymer is only slightly extractable by hexone;
however, if any polymer hes been formed earlier in the system and trans-
ferred to the organic phase, 1t is stcble in the orgenic solutiuvn and is
removed with the ICW stream. It therefore constitutes a Pu loss, but does
not contaminate the uranium. However, normol plutoniun (uncomplexed) and
neptunium follow the ursnium in the IC system. BSome fission-product
elements are elso stcble in the organic phase, particularly certain forms
of ruthenium, and sre therefore eliminated in the ICW. Most of the fisgsion
products follow uranium {cf. HW-14261(169}),

High aqueous acidity ccuses poor stripping by salting uranium into
the organic phase. However, fluctuations in agqueous acid concentration in
the flowsheet range of 0 to 0.1 M hag little effect on ursnium waste
losses in the IC Colunn except for its influence on possible entrainment
of agueous solution with the ICW. An increase in the concentration of
uranium in either the ICF or ICU requires additionsl transfer units to
achieve a given waste loss, as does a decrease in the aqueous ~to-organic
ratio, L/ « Tenperature fluctustions over a range of 15°C. in the IC
stripping operation do not produce an appreciable effect on waste losses.

5. ICU Concentration

5.1 Relation to the process

As the ICU streesm comes from the IC Column, it contains U(VI),
Pu(VI), Np(IV), end the fissionsproduct elements Bi, Nb, Zr, and Ce in that
general order of abundence.{169)  Additional decontamination of the
uranium may or may not be reguired at this point, depending upon the
ultimate use and method of hendling the recovered uraniwm, end on the
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decontemination achieved in the feed preparation end the first solvent-
extraction cycle. Such edditional decontamination is effected by the
second (and third, if necessary) extraction and stripping cycles. The
neximum feasible concentrction of urenium in the ICU streem is about 0.8
M, while high agueous uranium concentration (2 g) is prescribed by the
flowsheet for 2DF feed to the second uranium cycle. Therefore, concen-
tration of the ICU is necessary if furtker decontamination is required.
Concentration of the feed stream, rather than the equeous waste stresn
from a new extraction cycle, reduces the salting agent requirements end
consequently reduces the final aqueous waste volume ettainsble.

The aqueous ICU strean is soturated with hexone ag it comes from the
IC Column. In addition, it mey contein up to 0.1 or 0.2 M ENO, under
hybrid or acid-deficient flowsheet operastion. Elevoted temper&ture evapora-
tion of weter from the ICU streom as it comes from the column would then
introduce the possibility of nitrate or nitric acid oxidation of the dis-
golved hexone. Such oxidation yields degradstion products, e.g., methyl
isopropyl diketone ond oxalic acid, which have an adverse effect on sub-
sequent solvent-extrection operations (see Subsection Bl). To obviate
this eventuality the hoxone must be largely stripped (ce. 95 per cent)
from the aquecus solution prior to urenium concentration. Furthermore,
the solution must be neutrelized with caustic to provide an acid-deficlent
feed for e subsequent uranium decontemination cycle.

5.2 Method of continuous concentration

In order to effect hexone removal pricr to agueous concentration, the
ICU streem 1s continuously introduced at an intermediate point in the con-
centretor column, and the hexone is then stesm stripped from the agueous
stream as the latter flows down the column to the distillation pot.

Neutralizetion of the agueous uranium strean is accorplished on o
continuous basis by the addition of liquid caustic to the ICU Concentrator
pot. The concentroie is continuocusly removed from the concentrator, cool-
ed, and fed to the 2T Coluzn. The ursnium flow is therefore continuous
from the initiel extraction to the finsl decontaminoted stream.

See Section B of this chapter for specific properties of the concen-
trator system: vapor-liquid equilibrium, density, boiling point, specific
heat, and viscosity.

6. 2D Column

6.1 General principlecs

After the preparation of acid-deficient 2 M urenyl nitrate solution
in the ICU Concentrator, the concentrate is fed as the 2DF stream to an
intermediate point in the 2D Colurm. This columm is a compound contactor
sinilar to the IA Column, and its purpose is to sepcrate uranium from
plutonium as well as from neptunium and fission products.

Operation of the cclumn is snalegeous to the TA in that the continuous

phase 18 agueous while the hexone extractant is dispersed. The 2DX hexone
stream enters the bottom of the columm, rises through the extraction sectionm,
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and is finally contacted above the feed roint by the aqueous scrub solution
(2DS) which enters the top of the column. The uranium-bearing hexone
leaves the top of the columh as the 2DU stréem, arnd the adueous raffinate
leaves the bottom as the 20W stream.

The principal difference between the IA and 2D Columns is that the
latter is required to separate plutonium as well as other impurities from
the uranium. Consequently, the 2DS stream contains both ferrous ion, to
reduce the plutonium to the organic-insoluble (III) stete, and aluminum
nitrate, to selt the uranium into the hexone. A holding reductant is
also required.

6.2 Physical properties of the 2D system

The production of a temperature gradient in the 2D Column, as a
result of the evolution of the heat of extraction of uranium, is the same
as noted for the IA Column. Since the Flow rates and concentrations are
the same as in the former caese, the effect is quantitatively the same.

The variation of aqueous density through the column is likewise the
same as for the IA system. Similarly, veriastion of the 2DW density with
waste losses will amount to about 0.0006 g./ml. for a change of 0.78
g./1. in the UOQ(NO3)2 waste concentration.

6.3 Chemical proverties of the 2D system

Plutonium enters the 2D Column in the (IV) and (VI) valence states
but is held in the agueous phase by reduction to the (IIT) state by Fe'2.
Any neptunium present in higher valence states is converted to aqueous-
favoring Np(IV) by the ferrous ion. The transuranium impurities are thus
removed via the 2DW stream, while the uranium is transferred to the
hexone phase.

The most effecctive reducing egent and holding reductant are those
used in the IB Column, Fet¢ and sulfamate ion. The sulfemete serves
another purpose in addition to stabilizing the ferrous ion in the system.
It has been reported that nitrous aci increeses the distribution of
ruthenium into the organic phase. 1 Therefore the presence of sulfa-
mate in the 2D Column should improve ruthenium decontaminetion if an
nitrite is produced in the ICU concentration step {see GE—H-13120(95¥
and Subsection Ck).

The aluminum nitrate salting strength is the same as in the IA system.
The optimum fission-product decentamination is achieved by acid-deficient
operation in the upper portion of the column, whereass uranium waste losses
are minimized under HW No.4 Flowsheet operation by the introduction of
acid in the 2D stream at the dilute end of the column.

Flow retic: veriations will produce the same effect &s already des-
cribed for the IA Column; i.e., & lowsr L/V ratio means a lower operating
line slope and a smaller extraction factor. Consequently, fewer stages
are required to attain specified waste losses when the L/V ratio is re-
duced in the extraction section. On the other hand, increasing the ratio
tends to improve decontaminztiom. Typical flowsheet flow rates and coms
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positions for the 2D Column nre swmgrized in Teble IV-2.

6.4 Weaste losses

Urenium weste losses in the 2D Columm are dependent entirely on the
operational veriesbles. The urenium is in the organic-soluble (VI} valence
state, and is satisfactorily extracted provided sufficient extraction
stages ere aveilable by: sufficlent salting strength which means neinten-
ance of the 2DS flow rate relative to the 2DF stream, excess nitric acid -
ot the dilute end of the column, and the minimum operasting line slope con-
sistent with the requirements of the systen.

6.5 Decontamination

Practically 99 per cent of the plutonium which enters the 2D Column
leaves with the 2DW stream. The neptunium concentration is reduced by &
factor of approximately 20, which is adequate neptunium separation even if
all the neptunium in the Redox feed solution followed the uranium in the
IBR Column. Fission-product decontamination is dependent upon the same
variables as discussed for the IA system. However, the actuel decontamina-
tion achieved in this colur is much less than in the IA Column due to the
fact that the more easily scpereble fission products bave already been re-
moved as well as the fret thet the initinl concentration here is much low-
ar.

Te 2E Column

T.1 Genersl pringciples

The 2E Columm is e sinple column sinilar to the IC. The organic feed,
2EF (the 2DU stream from the 2D Column), enters the bottom of the columm
and rises as the dispersed phase. The ursnium is stripped intc the agueous
phase by the extractant, 2EX, which enters at the top of the colurm. The
effluent uranium is thus in the form of en aqueous solution suitable for
metal recovery or an additionel decontamination cycle if necessary. The
plutonium content is negligivle at this point, the neptunium hes been more
than 50 per cent removed, and fissionsproduct redicectivity has heen re-
duced to aboug 5.6 x 10%2 countable curies of gross beta radioactivity/gal.
end 5.1 x 10~° countable curies of gross gamma redioactivity/gel.

7.2 Phyeical and chenical properties of the ZE system

In cperation and function this column is similar to the IC Column,
the chief difference between the two being the greater L/V ratio in the
2E Column. This is both neccessery and desirsble because of the fact that
the orgenic feed solution to the ZE Column {the 2DU stream) hes a higher
urenium concentration then that of the ICF stream. This difference a-
rises from the addition of the IBS scrub stream to the organic phase from
the IA Column, while no such operation is necessary in the case of the
second urenium decontamination cycie., The higher relative aqueous flow
rate in the 2B Column produces essentielly the same aqQueous uranium con-
centration as the IC Columm due to thbéiéher feed concentretion in the
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As in the case of the IC Colurm, the addition of s smell amount of
acid to the equeous extractent may be desirable for its effect on de-
creasing the disengazing time at the top of the 28 Columm. QOtherwise,
the 2E acidity is dependent upon the ceid cerry-over from the 2D Column.
Due to the difference in flow rates and feed concentration, the density
profile of the 28 Column is different from the IC Colunn, but the varia-
tion of the orgonic effluent density with uraniur waste losses will be
the seme as for the IC system. Since the asmount of uranium being trans-
ferred per unit tinme in the ZE operation 1s the seme as in the IC, the
heet absorption effect is the same in the two systems. The effects of
variations irn the L/V ratioc are essenticlly the same as those for the
IC operation,

7.3 Losses and decontamination

Decontamination is of secondery importance in this column and a~
mounts to @ factor of about 2. Residual radicactivity is so low at this
point that proper determination of the decontemination achieved involves
8 necessery correction for the presence of U237 beta and gamra radio-
activity.(l38 Otherwise losses znd docontanmination ere dependent upon
the same factors as for the IC Colurm.

8. Third Uranium Docontominetion Cycle

8.1 General princinles -

A third decontarminoticn cycle riay be necessary, depending upon the
results achieved in the previous cperations as well as the ultimate con-
signment of the uranium. This third cycle is esvallable in the Redox
plent but will not be used unless necessary.,

8.2 Physical and chendcal properties of the gysten

As may be seen by reference to Chapter I, the third-cycle flow rates,
compositions, and operations, ere essentially the same as the second.
The operations involve the concentration of the 2EU stream in the same
menner as the ICU, the transfer of the urenium to hexone, and scrubbing
with aluminum nitrete selution in the 3D Colurm, followed by the return
of the uranium to an aqueous solution in the 3E Colurn. The nitric acid
concentration 1s lower in the 2EU streenm than in the ICU strean, and
consequently less caustic 1s consumed in the 2BU concentretion, The over-
all decontemination achieved must cgoin be corrected for U237 radio-
activity in the 3EU strean.

8.3 3EU concentration

Concentration of the final &queous uranium solution is necessary
whether one, two, or three decontaminetion cycles are required. The
function of the finel concentration ie to strip out the dissolved hexone
88 well as to remove part of the woter in Preparation for conversion of
the uranyl nitrate to ursniun trioxide., Just as in the ICU concentration,
hexone removal is necessary to prevent the formation of hexone degradation

products. The operation is completely compareble to the ICU and ZEY cone
centration steps.
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9.1 General principles

The cross-over oxidation is the operation which couples the first-
cycle plutonium decontoninction with subsequent plutonium decontamina-
tion cyeles. The separation of plutonium from ureniun in the IB Columm
ylelds an aqueous solution of Pu(III), the IBP streem. Additional Pu
decontemination requires oxidation of the plutonium to 2 hexone-soluble
valence state. This conversion of Pu(III) to Pu(IV) andfor Pu(VI) is
accomplished in the cross-over oxidation step.

Pu(III) is more readily and rapidly oxidized to Pu(IV) than to Pu(VI)
since the former transformetion requires only an electron transfer, while
the latter involves the formation of oxygen linkages to yield the plutonyl
ion. Pu(IV) is less soluble in hexone than is Pu{VI), but in the presence
of excess acid Pu{lV) has & setisfactory distribution ratio for hexone ex-
trection. It is doubtful whether very rmuch grenter decontemination can
be attained by ecid-deficient extraction of Pu(VI) than by scid extractim
of Pu(IV). Therefore, it 1s more sdvantageous to use the rapid oxidation
of plutonium to the (IV) valence state fcllowed by acid extraction, rother
than the slower oxidotion to the (VI) state ond scid-deficient exiraction.
Potential plant capacity 1e grester with the faster cxidation system.

The cross-over oxidation may be cffected either in a batch process
or by continucus operation.(180) since Pu(III) is much more rapidly
oxidized to the (IV) stote thsn to Pu(VI), the use of Pu(IV) in subsequent
extraction is particularly desireble for comtinuous operation. Buch a
continuous process is more desirsble from the standpoint of both operation-
al end critical mass control. The continuous oxidation may be cerried out
as a separote operation between the IB snd 24 Columns, or it may prove
feasible merely to add the oxidizing agent to the 2A Column scrub siream
and rely on oxidation of the Pu(III)} to Pu(IV) within the 2A Column.

The betch reaction mey be carried out hot or cold. Hot cxidation
necessitates the prior removal of dissolved hexome from the egueous Pu
solution in order to prevent the formetion of hexone decomposition pro-
ducts which are detrimentol to subseguent Pu extractlon and stripping
operations.{39) Particularly undesirasble is the oxidation of hexone to
nethyl isopropyl diketone, since the diketone in the pfesince of Pu{IV)
cen be converted to oxalete which precipitates Pu(IV). 39} The Pu(V)

state hoe not been cobserved in the cross-over oxidation system.

The cross-over cxidetion step nust also oxidize the ferrous ion
reducing sgent which ccconpcnies the plutoniunm from the IB Column.
Sulfamate ion, from either sulfamic acid or ferrous sulfamate IB hold-
ing reductant, is unaeffected by oxidizing egents.(177) However, eXcess
acid snd elevated temperatures accelsrate the hydrolysis of the sulfa-
mate ion to emmonium cnd sulfate ions (cf. Subsections B7 end BB).

Oxidetion under acid conditions will convert neptunium to ?he crgenic-
soluble {VI) valence atate(70), Dbut under acid-deficient conditions, cbove
a pH of about 0,5, the (VI) valence state is unstable ond is reduced to

Np(V) which is inextractable.(39,41,132)
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The choice of an cxidizing agent is at least partly based on its
oxldizing potential which should be sufficlent to produce the desired
Plutoniun velence state. Since e clavificotion step 18 extremely
undesireble, solids fornuf%g? cannct be tolercted in the oxidation s}ep.
Possible oxidizin% agents include dichronote i1on(185), ozene(1T7
permanganate 1on(22), certc ion(15l;152), and hydrogen peroxide(22;76j-
For the stebility of the Pu valence states, sece Subsection BG.

9.2 Dichromate oxidation

9.21 Rate

The oxidation of Pu{III) tc Pu(IV) and of Fe(II) to Fe(III) by
dichromnte is very rapid, the reaction being complete in less than 20
seconds at 25°C. The oxidetion of plutonium to Pu(VI) is much slower, a
holf-time of 20 hours having been cbserved for the oxidetion of the pluto-
nium in an ANL Flowsheet IBP strecnm in the presence of hexone.(185) “Dhe
latter reaction, however, may be occelerated by the influence of other
variables.

9.22 Congentration of Dichrimate

The oxidation of Pu(III) is sufficiently rapid with the use of the
approximnte stcichionetric asrount of dichromate required to complete the
oxidation of the Fe(II) and Pu(III) in the IBP stream. Since the presence
of an eppreciablec excess of dichrcniate adversely affects decontaninetion
in the 2A Column, no sdvantage 18 to be goined by the use of greater then
flowsheet concentrations (0.01 M) of dichromcte.

9.23 Nitrate icn concentration

The oxidation rote of plutonium decresses with an increcse in nitrate
ion concentration when the acidity, ionic strength of the solution, and
dichrocmate concentration, remein constent. This. effect is probebly due
to the formation of Pu({IV) complexes such as Pu(NOq), ¥ or Pu(NO3}6=,
¥hich are oxidized more slowly then hydrsted Pu(IV? Eon iteelf.

9.2h Hydrogen iocn concentration

Acid is consuned in the oxidation es indicoted by the following
eguation:

6 Fetl 4 Créo?.’ + lyat o 6ret3 +20rt3 + THZO.
The oxidation of 0.05 mole of Fet2 will consume 0.117 mole of acid and
about 0.008 mole of dichrometec. An increase in the acidity of the solu-
tion will then zccclerste the rate of the reaction.

The oxidation of Pu(III) to the {IV) =2nd (VI) states also consunes
ecid, es shown by the following over-all reacticns:
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6Pu+3+ Cr207=+ 14EY — = 6Putd 4 20rt3 4 THL0;

2Put3 4 Cry0.® + 6H* —> 2Pu0st2 + 20rt3 + 3Hz0.

7
Due to the smell concentration of plutonium in the solution, the amount a
acld required in comparison with ferrous iron is negligible. At low hydro-
gen ion concentrations, however, the oxidation of Pu(IV) to the (VI) valence
state is also hindered by hydrolysis of the Pu(IV). It is to be ncted that
the rate of oxidation of Pu(IV) to Pu(VI) is decreased by increasing mitric
ecid concentration. This effect is probebly produced by the complexing
action of the nitrete ion.

9.25 Catalysis

‘ A veriety of dichromate oxidizable substances are catalysis for the
cxidotion of Pu(IV) by dichromate. The accelerating ngents uay either act
as true catalysts, or as inducing sgents which produce intermediaste chromi-
un stetes that are more rapid oxidants than the dichromate itself. Tested
catalysts in order of decreasing effectiveness are ethanol, hydrazine,
Mn(II), hexzcne with sulfamic zcid, Co(II), Fe{III), end Ce(IIXI}. However,
the Redox flowsheet does not specify the use of a catalyst since oxidation
beyond Pu(IV) is not reguired. The 2A Coluun is designed to extract ell
the Pu(IV) that might be present.

9.26 Effect on decontanination

The presence of excess dichromate in on =cid 2A Coluwrm edversely affects
cerium decontanination, snd also thet of zirconium in the presence of methyl
1sobutyl coarbinol.(105,118) Improvement in 24 Colunn decontamination may
then be effected by the addition of Just sufficlent dichromate to oxidize
Pu{III) to o nixture of Pu{IV) and (VI). The gross beto-gorma distribution
ratioc is doubled by doubling the ancunt of dichromate used to accompliish
the oxidation to the higher mixed valence stetes, ond thus adequate con-
trol is required to reach the proper equivalence point. 107

9.27 Effect of Hexone

Hexone decomposition products accelerate the rate of Pu oxidation more
then hexone itself, and the rate of oxidation of new soluticns containing
hexcne increases as hexone deconmposition products cre formed. The forma-
tion of hexone decompesition products cen hove 2 deleterious effect on the
subsequent plutonium decontamination cycles, both By increzsing fission-
product distribution into the orgenic phase, and by the precipitation of
plutonium (IV) oxalate. The danger, of course, 18 exaggerated 1f hexone
i present as & second phase due to entrainment or flcoding in the lower
portion of the IB Column. When elevated tempersture is utilized in the
cross~over oxidation, prior stripping of the hexone is required.
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9.31 Ozone

Qzone oxidation(l77) has the advantege of inmproved decontaminetion,
as well as the elinination of the introduction of cdditicnal interfering
ions in the 2A Column, which sicplifics re-processing off-stonderd
streams. The ceriun distribution from en ozonized sclution is reported
as 0.0002 (Eg); from the same solution oxidized with 0.02 M dichromate
the distributicn retio is repsrted ss 0.87.(177

Laboratory ozonolyses have been performed without removing the
hexone, but this prectice introduces a potentlally hazardous reaction be-
tween the hexone end czone. Alsc, the presence of heXxone inhibits the
Plutonium oxidation, and its presence results in the formation of methyl
isopropyl diketone., In vzonolyses perforried by an oxygen stream contain-
Ing 2.5 volume per cent czome, the flow ratic of 200 volunes of gas to
1 volume of soluticn per hour cxzidizes plutoniun coupletely to the (VI)
state in less thon cne hour ot 750C.. ond in less than six hours et 259¢.
A 0.01 M soluticn of silver nitrete is used 28 a catolyst. Higher tenper-
atures or longer reaction times are necessary in the obsence of the
catalyst. The Pu(VI) cbinined by ozonolysis is reduced at & rate of 0.33
per cent per day when neither hexone nor holding oxident is present, but
the rate is increascd to 2 per cent per day in the presence of hexone.
Ozone is therefore not ¢ desirzble oxidant since the ocxidation rate is
slow and the higher volence stete iz not gtabllized.

9.32 Hydrogen peroxide

The use of hydrogen peroxide(151,152) for the cross-over oxidstion
has advantages sinmilar to ozone. Oxidation with twice the concentration
of peroxide necessary to destroy the ferrous iom gives about equal amounts
of Pu(IV) and Pu(VI); four times the amount required to destroy Fe+
gives mostly Pu(VI). The reaction is accompénied by effervescence from
peroxide decomposition. The disadvantages of hydrogen peroxide are its
slow reaction rate and its tendency to precipitate plutonium peroxide. At
low acidities a portion of the plutonium forms a peroxide colloid.
Peroxide oxidation in the presence of hexome results in the formation of
colored orgenic materials.

The distribution of cerium from peroxide-oxidized solutions is 0.001k
(Eg), which is lese than that for 0.02 M dichromate-oxidized solutions.{I54)
Ruthenium distribution is of the seme order of magnitude by elther means
of oxidation.(152) Sodium peroxide gives similar results but is difficult
to handle.

9+33 Permangenate-peroxide

The use of & combinetion of permanganate and peroxide 1s lengthy and
complex, and there is also the potential difficulty of menganese dioxide
precipitation. The procedure involves the addition of permangsnste and
alr sparging, followed by the addition of hydrogen peroxide. The use of
sodium permanganate results in formation of an unidentified precipitate
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vhich is not obtained with the potassium salt. Beta decontemination ob-
tained in column runs following this method of oxidatlion were lower than
those using ozone or dichromete.

9.3% Ceric ion

Ceric ion may be used as a catalyst for ozone or dichromate oxidation
of plutonium, but being a strong oxident it also oxidizes the fission-pro-
duct elements thus resulting in poor decontamination in the subsequent ex-
traction cycle. In a solution 0.5 M HNO,, cxidation to Pu(VI) is complete
in less than 10 minutes. Hexone, if preSent, is also oxidized, but at a
slower rate. Solutions oxidized by ceric ion showed a distribution co-
efficient (E) of O.hk for ruthenium tracer, as compared with 0.064 for
comparable solutions oxidized with dichromate. ‘ -

10. 2A Column

10.1 General principles

The second end third plutonium decontemination cycles are carried out
in the 2A-2B and 34-3B Column systems respectively. The 24 Colum in the
second piutonium cycle 15 analagous to the ITA Column in the first-cycle
operation; its purpose is to decontaminate the plutonium further by ex-
traction into hexone, leeving the fission products in the equeous waste
stream. The 2AF stream is fed to the colwm at an intermediate point and
flows to the bottom as the continuous phese. The extractant stream (2AX)
is introduced at the bottom, and ascends as the dispersed phase to thw
upper portion of the column where it is scrubbed by the 2AS stream enter-
ing at the top. Typical flowsheet strecem compositlons and flow rates are
sumnarized in Teble IV-2.

As in the case of the IA Column, the 2A Column may be operated under
acid, acid-deficient, or hybrid flowsheet conditions. Acid-deficient or
hybrid operation necessitetes oxildation of the plutonium to Pu(VI) in the
cross-over oxidation in order to get satisfactory extraction in the 2A
Column. Since, as noted in Subsection 9 , above, it is more desirable
not to carry the plutonium oxidation completely to Pu(VI), it is then
necessary to utilize mcid extrsction in the 2A Column. Furthermore, it
ig doubtful whether acid-deficient operation would produce an apyreciahle
improvement in 24 Column deconteminstion.

10.2 Cheomical propertiés of thg 2A system

The extraction of Pu(IV) and of Pu{VI) have both been suggested as
vases for the operation of the 24 Column. Operstion with Pu(IV) has the
advantage of simplifying the plutonium cross-over oxidation and of re-
taining the fission-product elements in the less extractable lower
valence states. The sdvantage tends to be countcrbalanced by the fact
that the Pu(IV) is less extractable than Pu(VI), which thereby requires
higher salting strength, lower L/V ratic, or greater column length in
order to reduce Pu weste losses to sn accepteble level. Actuelly the
24 Column is designed to extrect Pu(IV) adequately. A slight excess of
dichromate is present in the 2AF stream and in the 2AS stream to serve
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2s o holding oxident for the plutonium in the columm. For Plutonium dis-
tribution data, sec Scetion C.

The principal fission products which reach the 2A Columm with the
rlutoniun streen are ceriun, rutheniun, end zirconium. The first two
are sensitive to the oxidizing conditions in the cross-over oxidation and
have a tendency to be transferred into the extract stream. The zirconiun
is ordinarily adequately renoved, but, as noted before, appears to be
rarticularly susceptible to the effect of sclvent inpurities (e.g.,MIBC).

The aluninum nitrate selting strength in the extraction section is
considerably higher than thot used in the IA Colurn because of the ebsence
of the salting effect of the uranium present in the IA system. Approxi-
motely half of the aluminum nitrate enployed reaches the 2A Colurm by way
of the aqueous plutcnium extractant gtreem fro: the IB Colurm, as a con-
sequence of which the salting concentration requirspent in the serub
section is narkedly lower then in the IA Colurm. The lowered scrub salt-
ing strength has the effect of incrensing the plutoniun reflux in the
colurm, but alsc tends to inprove removal of fission products from the
organic strean, '

The 2A-2B systen is sensitive to nitric acid concentration throughout
the cycle. Raising the peidity in the 24 Colurm inproves the plutoniun
extraction, but it results in e higher acid concentration in the 2AP
strean which increases the difficulty of stripping the plutonium to the
agueous phase in the 2B Colurm. The amount of acid introduced into the
2A systen is therefore n compronise between the two opposing factors re-
sulting in & comparable nurber of transfer stages (comperoble heights)
for the two colurms.

Varlations in the L/V ratio have the same general effects as in the
IA Columm. Since the actucl msss transfer toking place in the systen is
slight, extraction produces nc appreciable effect on stream densities, and
no aprreciable heat of extraction 1s cbserved. Small varistions in opera-
ting temperature are not likely to clter the decomtanination achieved,
since the distribution ratios of all of the components of the system vary
with teupersture in ebout the same fashion, znd changes in stage heights
with temperature should be about the seme for.all conponents.

10.3 Waste losses

Any verietion in the ratio of the 248 and 2AF stream flow rates does
not greatly slter the salting strength of the aqueous phase in the ex-
traction section, since both streams. cerry about the seme concentration
of aluminum nitrote. 4 reduction in salting strength or excess acid in
the extraction section, however, nust be counteracted by a decreased L/V
ratio, if the plutoniun waste loss is to be maintnined below the allow-
gble maximun.

Any emericiun cerried over from the first-cycle operetion is elimin-
ated in the 2AW strean, and o correction for its presence must be made in
the determination of Pu waste lossecs by total alpha count. For the pluto-
nium extraction stege and trensfer-unit requirements in the second and
third plutonium cyeles, see Chapter V.end BW-19047.(190) -
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10.4k Decontemination

The operational verizcbles affecting decontamination in the 2A Column
are the same as those for the IA Colum. The actunl decontamination
accomplished in the 2A Column, however, is much less than for the IA systen
becouse the easily separable fission products have elready been renoved.

11. 2B Colum

11.1 General principles

In the 2B Colurin the plutonium is transferred to the aquecus phase,
and 1is then availeble for further decontamination or for processing to
metal. Deconteminotion in the colurm is of secondory imperterce, and most
of the redioactivity present in the system follows the plutonium. This is
& simple colurm and uses the 2AP strean as feed (2BF), entering at the
bottom. The agueous extractant (2BX) enters the columm ot the top end flows
to the bottom as the continuous phose. The stripping of the plutonium into
the aqueous phese is analpgous to the uranium stripping in the IC, 28, amd
3E Colurms. No change in the plutconiun valence state is required, which
differentintes the operation fror. the IB Cclumn plutonium extraction.

11.2 Columm chenistry and operuticnal veriables

The only chemical chenges cccurring in the 2B system are secondary
reactions involving hexone or orgenic impurities. The principal chemical
varieble in the operastion of this colwm is the concentration of the nitric
acid, most of which comes from the 24 Column. The higher the acid concen-
tration, the greater is the difficulty of stripping the plutonium because
nitric acid increases plutonium distribution intc hexone. The 2B operation
is therefore closely allicd with thot of the 23 Column, and an appreciable
increase in the acidity of the ZB systen rmst be compensated for by in-
creasing the L/V ratio.

The total mass transfer 1s small, and density and heat effects ere
therefore negligible.

11.3 Losses and decontaninaticn

As noted sbove, Pu losses in the 2B organic reffinate are @ function
of the L/V ratio and the scidity of the systen. The decontaminetion is two
to three-fold, but is not of sufficient megnitude to be important .

12. Third Plutoniun Deconteninetion Cycle

The utilization of the third Pu decontaminction cycle is dependent
the effectiveness of the previocus operations. If the third cycle is re=
quired, the only feed preperstion necessery is the addition of aqueous
aluninum nitrote to the 2BP strean in order to renlize the necessary salt-
ing strength. Except for small differences in acidity and flow ratios, the
cycle is then identical to the second and involves the use of the 3A and 3B
Columns. Verisbles are as discussed for the second cycle. The final
purity end disposition of tne agqueous plutoniun strean is discussed in
Chapter VII.

- © DECLASSFED




— . DECLASSIFED

B, FROPERTIES OF PROCESS MATERIALS

1. Hexone

1.1 Intreduction

Methyl isobutyl ketone (h-methyle-2-pentenonc}, commonly known eos
hexon?i i? a colorless, mobile liquid with a typically sweet, ketonic
odor, {101 It is produced by the ¢ondensation of acetone to mesityl
oxide with subsequent hydrogenetion of the oxide to the Ketone., Factors
leading to the choice of hexone as the solvent in the Redox process are
digcussed in the preceding section.

1.2 Physicel properties

The physical properties of methyl isobutyl ketone are presented in
Teble IV-3, The propertics listed arc thosc of fundemental interest and
importence in the Redox Process.

1.3 Chemical reactions

The chemical properties of hexone are illustE?ed below by & series
of reactions chercteristic of aliphetic ketones,

1.31 Dxldation;

With strong oxidizing agents such es chromic acid, hexone is oxidiz-
ed to a mixture of acetie, isobutyric, and isovaleric acids, carbon
dioxide and weter:

(CH3)2CH.CHE.CO.CH3 + —%be —_— (cﬂs)2 CH.COOH + CH_,COOH

3

+ H.O.

(0113)2015.0}1 .co.033 + 202—“; (CH3)ECH.CH2.COOH + 002 .

2

1{32 Condensation:

Hoxone condenses with aldeohydes to form unsetureted ketones:

(CH3J20H.CH2.CO.CES+CH3.CEé.CH2.CHO-Jb(CH3)QCH.CHECO.CH = CH.CHQ.CHQ.CHB.

Hexone condenses with itself in the presence of various catelysts:

CH CH
Nn 0N \ 3 3
2 (CH3) 2,(:H.cxjre.czo.cnj or__ (CH3)ECH.CHQ.L‘:CH.CO.'CHE-CH .
HOL: \
CH3

Hexone condenses with hydrazines to form hydrezonee,
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1.33 Addition reactions:

Cherecteristic of carbonyl compounds, hexone adds sodium bisulfite at
@ rate of 12 per cent in one hour when ome equivelent of sodium bisulfite
is employed. O

/
(CHs)QCHCHQ_CQCHB + NaHSO3-—>( CH3)ECRCH5?CH3

303Na

1. 3h Reactions with nitric acid:

One of the important sPec%féc reactions of hexone in the Redox pro-
cess 1s that with nitrie acid. 1) The main reaction of hexone and nitric
acid consigts of an oxidation of the ketone to alphs-nitrosc methyl isobutyl
ketone with subsequent hydrolysis and oxidation to methyl isopropyl dike-
tone and dinitroisobutane.

(CH3) ,CH.CH,.CO.CH, + BNO, —3>(CE ) ,CH.CH(NO) .CO .CE;

alphs~-nitroso methyl iscbutyl ketone

\

o0
(cH3) ,CH.CE(NO) .CO.CH, "2, (CH,),CH.cCO. C0.CHs + H,NOH
3/2 dil = 2 3 +HEN
methyl isopropyl diketone
0
(CH3) ,CH.CH(NO).CO.CHy 20 (CHy),CH.CH(NO,),, + CH,CO0K + HNO,.
o ail.EN03

1,1-dinitroisocbutane

After an indeterminate induction period, this resction is initiated by
nitrous ecid, end becomes autocatalytic through side reactions which
produce additional nitrous acid. The initial resction appears to be
first order with respect to nitroys ecid end nearly independent of the
nitric acid concentration. At room temperature, when the nitric acid
concentration is below about 0.3 M, the nitrous mcid, if present
initielly in concentretions of from 0.0001 M to 0.01 M,dissppears with
no further reaction. At nitric ascid concentrations greater than 0.3 M
and nitrous acid concentrations greater than 0.001 M, the nitrous acid
decresses to a minimum and then increases to an equilibrium value of
0.001 M, from which point there is continuous destruction of hexone
with a reaction rete of cbout 0.03 per minute. Reising the temperature
from 25°C. to LO®C. more than doubles the reaction rate, and reduces
the nitric acid concentrsiion necessery for a self-susteining reaction
to 0.2 M as compared to 0.3 M at 25°C.

Since the hexone-nitric acid resction is exothermic, and since the
resction rates increase rapidly with temperature, under conditions of
high nitric acid concentration (over 3 M} end poor heat transfer the
reaction mixture becomee violently unstable. Reducing agents such as
iron, which react with nitric acid to produce nitrous acid, accelerste
the reaction, but sulfemate ion, smmonium ion, and dichromete ion,

destray nitrous acid and thus inhlbthtCi aegone-nitnc acid reaction.




L /5%
a w5 NECLASSIFIED @i

Uranyl ni?rat also destroys nitrous acid, through a complex photochemical
reaction. 191?

Although nitric scid is sdded directly to the orgetiic streams, the
cbove reaction does not cccur in the obsence of nitrite ion and nitrous
acid, and any nitrite ion which mey be inmtroduced = a conteminant of
the process chemicels is guickly destroyed by one or more of the afore-
mentioned reactions.

An additionel safety foctor is provided by the sutomatic proportion-
ing pumps which are employed wherever nitric ecid is added to hexone.
These pumps maintein the flow of nitric escid rt o rote which precludes
dengerous admixtures, i.e., concentrated nitric acid plus sn equal or
smaller volume of hexone. The temperature of the hexone 1s measured
before and after the nddition of the nitric acld, by @ recorder which
activates an alerm in the event of a too-rapid increase in the tempera-
ture differential. Continuous scrubbing and distillotion of the hexone
in the Solvent Recovery cperation prevents the build-up of eny impurities
which might contribute to this undesireble reaction.

Hexone does not react with aquoous solutions of aluminum nitrate
nonahydrate under ordinary conditions. At elevated temperstures, (90°C.)
however, the reaction proceeds ainilerly to that with nitric acid, pre-
sumably due to nitrous acid produced by hydrolysis of the aluminum
nitrate.(160z _

1.4 EBffect of irradistion

Exposure of hexone to process-level redistion (8 x 109 cc./min. /1.
gross ¥ , 2 x 1012 co./min./1. gross B , memsured ot 10% geometry ond
26 ng./1.Pu.} for more then 430 times (70 hours) the estimated contact
tiwe in the process results in no decomposition of the hexone, as in-
dicated by the absence of gos evolution snd of any change in disengaging
times, (see¢ under B9 below) ond uranium, plutonium and fission product
distridbution retiocs,(136) Hexone hos olso been found to be stable under
exposures up to 1000 times the rcdistion level of Redox rrocess streams.(93)
Hexone subjected to the solvent recovery process after hoving been €X-
Posed to rodintion }s comperable in process performence to fresh, pre-
treated hexone. 136

2. Hexone-Waoter Systens

2.1 Mutunl solubilities

The solubilities of hexone in weter aend woter in hexone ere shown,
as a function of tempercture, in Figurc IV-4, The solubility of hexone

in woter pusses through a ninimum of 1.41 weight per cent st 550¢.(146)
The solubility of hexone in multisolute oquecus solutions vories markedly

from thet in pure woter, ond may be determined by use of the equation and
coefficients gliven in Table IV-22.(166)

2.2 Mutuel hects of solution

The heet of solution of water in hexone is 1,800 calories per mole
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of woater, while that of hexone in woter is -2,250 caIOfigg per mole of
"hexone, both measured from zero to saturation at 250C.\1 )

2.3 Liquid-vapor equilibrium dats

Liquid-vapor eguilibrium deta for the hexone-water systems are pre-
sented in Table IV-5A in the form of liguid and vapor phase compositions
ond relotive volatilities for the temperature range from 88 to 11kog.(151)
The boiling tempersntures and vepor phase compositions of the hexone-water
azeotrope for a series of pressures from 27 to 760 mm. of Hg are given in
Toble IV-5B.(1%,147,151}

2.4 Miscellaneous properties

The density of woter-seturated hexone at 25°C. is 0.7992-grams_per
cubic centimeter. The chenge in density with temperature is given under
3.&,_below.

The viscositx‘ofrwater-saturated hexone at 25°9C, is 0.570 centi-
poises.(l The change in viscosity with tompercture may be computed
from the equation under 3.4, below.

The interfzcial tension between water-saturnted hexone and water is
10.9 dynes per centimeter ot poog, (11h)

3. Other Solutions in Hexone

3.1 Urasnyl nitrate in hexone

Uranyl nitrate is soluble in hexone to the extent of 113 £ 6 grems per
100 grams of hexone ot 25°C.{201}) Urenyl nitrste hes been shown to carry
between 3 and 4 molecules of water of hydration into hexone.(21)

A mixed phase crystsl with the empirical formla UOE(NO3)2’2-71 H>00 .28
hexone has been isolated. Eowever, uranyl nitrate is not as tightly com-
plexed in hexone ¢s it is in tributyl phosphate, with the result thet no
definite formule cen be essigned tc the sclvate, and nc rate constents cen
be calculsted for complex formeotion. Since stegewise celculations besed
on the trihydrate in hexcne yield a2 more nesrly strazight operating line,
the trihydrate 1s used for these colculations.

The density of solutions of uranyl nitrete in hexone may be computed
by means of the equetion given in Subsection 3.4 below. The apperent molar
volume of UO,(NO,), in hexone is sbout 6% cubic centimeters per grem
mole.l155) et3’e

The viscosity of weter-scturated sclutions of uranyl nitrete in hexme
may be celculated by mesns of the equetions given in Subsection 3.4k. The
change in viscosity with tempersture is given by another equation under
3.kybelow. ' .

The conductivity of solutions of uranyl nitrate in hexone is shown
in Figure 1V-6.(20%) The equivelent conductence decreasses with an increase

in the concentration of uranyl nitrate.DECLAsSIFIED
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The specific heat of sclutions of urenyl nitrote in woter-setursted
hexone is shown as o function of the concentretion of U0o(NO3)p, in
Figure IV-7. As shown in the figure, the gpecific heat decréases from
0.526 to 0.475 calories per grem of solu 1%? g the ursnyl nitrate con-
centration is incressed from O to 0.62 g-l )

3.2 Nitric acid igrhexone

The golubility releticnships of the system nitric ascid-water-hexone
are presented in the ternary phase dicgrom, Figure Iv-8.(61) The follow-
ing ere some typical saturnted orgonic and agueous rhases in equilibriun
with each other, es read from this diegrenm:

Orgsnic Phese Agueous Phosge
Wt.% HNOq Wt.% H2 Wt.% ENOq Wt.% Hexone
0 2 0 2
2 2 8 2
8 2.5 16 2
20 10 30 2.2

The density of nitric acid sclutions in hexone incresses lineerly
with nitric ecid concentration, os shown in Figure IV-9.({61,155) mhe
apparent moler volume of nitric scld in hexone is sbout 30 cubie centi-
reters per Eron moLe. 1555

The viscosity of nitric acid solutions in hexone ney be calculated
from the equation given in Subsecticn 3.%.(155)

The conduetivity of solutions of nitric seid in hexone exhibits a
minimun et ebout 0.03 M. Eguivalent conductence is shown in Figure IV-6
as o function of the nitric aeid concentreticn. The lonization constant
for nitric acid in hexone containi?s }.23 weight per cent water, has been
calculated to be sbout 2.5 x 10-7.(¥7

The specific heat of nitric acid solutions in hexone increases sl-
most linearly with nitric acid concentration es shown in Figure IV-7.(157)

3+3 Miscellaneous sciutes in hexone

Alumipunm nitrate is soluble in water-satureted hexone to the extent
of sbout 10-3 grams per liter.(16l)

Chromic ion, Cr(III), hes £lmost no mepsursble solubility in hexone
(epproximately 2 x 10-6M). Its solubility is not sppreciebly affected
by the salting strengt: of the systen or the scidity of the organic ‘-
phase.(102) Dichromcte tonm, however, is very soluble as evidenced by
the distributicn ratics cited in Subsection C6.

Ferrous end ferric nitrates are very sparingly soluble in hexone as
indicoted by the distridbution rotio deta presented in Subsection C6.

(No direct measurement of the solubilities was found reported in the
literature,)
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Sulfamic acid is soluble to the extent of 0.34 grams per liter of
wateT-saturated (pretreated) hexone, at 26°C.

3.4 Mixed solutes in hexone

The density of water-ssturated hexone solutions at 25°C. is given by
the following eguation:(13€)

d25 = 0.7992 + 0.3500 M +0.0439 MEN%,

and mey be computed et any desired temperature, toc., by means of an
additional equation:(155)

- 0.002029 t + 0.001358 t dy5 +0.0507.
These equations are velid in the following ranges:

UOo (10, )p*6EL0. O to 1.k M;

HNOy, O to 1.0 M .

The viscosity, n , in millipoises of water-saturated hexone solu-
tions et 25°C. may be obtained by:(L555

e .
log, 1= 0.7558 + 0.6432 Moyt 0.0543 Mo + 0.1550 MHNOB-

The change in viscosity with tempersture is given by:(155)

d(1log,q )
100 a3+ 360.5 My T 2.02 "&E,‘N 100 Mo, ’
a(1/m) B ) o

where M represents the concentration in moles per liter, end T is the
absolute temperature in degrees Kelvin.

The refractive index, 23 , of solutions of uranyl nitrate and
nitric acid in weter-saturat€éd hexone may be approximated by the
equation: (20

25 .
n’ - 1.3932 + (0.0017 ~ 0.0013 b_g.UN) MHNOB + 0.028 _lv;[m.

The minor constituents, iron, aluminum, and chromium, are so
relatively insoluble that they do not significantly affect the pro-
perties of the organic soluiions.

3.5 Impurities in hexone

The principal impurities found in hexone as received from the
manufacturer are methyl iscbutyl caerbinol (MIBC), mesityl oxide (MO),
and water. The purchase specifications for hexone are given below:
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Hexone Specifications(l9le)

Refractive index, n28 1.3953 + 0.004
Color, ASTM D268-49 Maximum 15 Hazen standard
Acidity 0.05% as acetic acid
Distillation remge, ASTM D286-46 Below 114°C., none
Above 117°C., none

Purity 95.0% by volume
Impurities: Methyl isobutyl carbinol 0.6% by volume

Mesityl oxide 0.3% by volume

Oxidizing impurity 0.001 normal

Methyl isobutyl carbinol, (CH,) CHCH,,CHOHCH’S, {abbreviated MIBC),
is found in rew hexone in concentritions &f From>0.2 to 0.6 weight per
cent. (It is introduced into the hexone in its menufacture from acetone,
by partial over-reduction of the intermedietely formed mesityl oxide.)
MIBC has an effect on deconteminstion which varies with the acidity of
the aqueous phesc. Under conditlons of the ANL (acid) Flowsheet, MIBC
in the presence of dichromete ion has deleterious effect on Zr de-
contaminaetion as shown under C4.55, Under scid-deficient conditions
such as prevail in the ORNL No. %OF}oweheetf Zr decontamination is not
sensitive to MIBC concentration.(3% Furthermore, MIBC is readily oxidiz-
ed to hexone, and is thus effectively removed by pretreatment. It is
meintained below the specified limit of 0.05 weight per cent by the
Solvent Recovery process.(l38) {See Chapter IX for = description of this
Process «

Mesityl oxide (CH ) ,CH = CHCOCH (sbbreviated MO),1is present in un-
treated hexone in emouRts renging from 0.2 to 0.7 weight per cent.(101)
(MO 1g &n intermediste product in the manufacture of hexone from acetone.)
It has been shown to cxert no significent effect on decontaminstion
factors when prosent in concentrations of less then 1.0 weight per
cent.(99,152,156) yhen present in concentrations of froem 1.0 to 3.0
weight per cent in the hexonc phase, it slightly increeses the distribu-
tion of ruthenium into the agueous phase.(l%6)

Mcsityl oxide decreases plutonlum extraction due to 1ts effect on
the stability of plutonium {VI). When it is present in concentrations
of 0.02 per cent or greater, it reduces plutonium (Vi) (probvebly to
plutonium (V)) with a half-time of one half to one hour. A further re~
duction to plutonium (IV) and/or plutonium (III} occurs with helf-time
of several hours.(99) Mesityl oxide is effecetively removed by pretreat-
ment .

The impurities which might be formed in the oxidation of hexone by
nitric and nitrous scids are methyl isopropyl diketone, 1, l-dinitro-
isobutane, and isobutyrie, acetic, and other organic acids. These pro-
ducts, if ellowed to sccumulate in the extractent, would affect column
performence adversely ond are therefore remocved in the Solvent Recovery
process.

The diketonc has no effect on the distribution of plutonium or

zirconium, (147,174) vyt in the présence of plutonium (IV) it decomposes
to form oxalste ion, cousing precipitetion of Plutonium (IV) oxalate in
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the 2BP and 3BP streams.(181,183) rne formation of the precipitate is
favored by heating, and eny attcmpt to heat IBP, 2BF, or 3BP Redox streams
should be freceded by the removal of 90-95 per cent of the dissolved organic
compounds . (1 The diketone 1s quantitatively removed by the ceustic wash
in the Solvent Recovery process.\l

The 1, l-dinitroiscbutane appears to heve no effect on column perform-
ance, and is effectively removed in the 3olveni Recovery process as are the
organic acids.

k., Agqueous Aluminum Nitrete Solutions

4 .01 Introduction

Aluminum nitrate is employed &s & selting-out agent in the Redox pro-
cess. It is & highly water-soluble salt of high ionic strength and, con-
sequently, is efficient in effecting the distribution of uranium and plu-
tonium from the agueous to tThe hexone phase.

The agueous AL{NO,), systems covered hereunder include those contain-
ing HNO and NaNO-. as additionsl components, and also those conteining
Cr20 Fe(N Sa )2, and hexone where data are avallable. Agueous
% 3)3 solutions whlch also contein (O c,(1@03)2 are treated in Subsection
BS.

k.02 Solubility

The aolubilitr of Al{NO3)3 in water is given in Figure IV-10 &s the
zero HNO meger. A saturated solution et 25°C ‘contains 43 weight per
cent A%( 03)3 12} or 2.8 moles per liter based on e density of 1.37

The eddition of HNO. to the system markedly decreases the solubility
of Al(NO )2 as shown in éigure IV-10 and Figure IV-11. The latter plots
show alsd %he decreased solubility of Al(N03)3 in HNO3 with deercase in

temperature.

An spproximetion to the solubility of Al(NO3) in aqueous solutions
of NeNO; at 20°C. is given by the linear eguetion:” Y = 42.5 - X, where
Y is the weight per cent of anhydrous Al(NO3)3 in the solution and X is
the weight per cent of NaNO3

The solubillty of A1(NO in multicomponent systems is given in
Figure IV-12 as & function o; %emperature for both neutralized and un-
neutr ?1$g?d composite aquecus Redox wastes {(Flowsheets ORNL and HW

Noe B L For a discussion of the properties of A1{NO3). in the waste
neutralization and disposal phases of the Redox process sée Chapter X.

4.03 Density

The densities of aqueous process stresms are used throughout the Re-
dox process for numercus purposes, which include: (a) feed make-up enaly-
sis; (b) control of process stream compositions; (c) control of column

2 s,
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performance, flooding, etc. end (d) caleculation of H.E.T.S. end H.T.U.
values.

The demnsities of nluminum nitrste solutions at 18°C. are given in
Figure IV-13. Molarity-weight per cent conversion may be read from the
graph or obteined from the general reletionship: weight per cent =
molerity x fermula welght where the molarity and density (in grems per

“10 x densit
cu.cm.) are %aken 8t thg seme temperczture. A nomograph relating tempera-

ture, molarity, end spe?ific grevity of aluminum nitrate solutions is
shown in Figure IV-1ha,(134)

The densities of aluminum nitrete solut%ons at several nitric acid
concentrations ere included in Figure iv-15.(155)

Densities for multicomponent systems mey be calculated from the
equetions which with their coefficients of temperature ond molarity,
are presented in Table Iy-16. Included are such minor components s
N520r207 and hexone .\ 120

4,04 Viscosity

The viscesities of progess soluticns greatly affect column perform-
ance through the influence of viscosity on diffusion, velocity of the
dispersed phase, droplct size and the settling rate of entremined drops
of the continuocus phase.

Viscosity date rre best expressed by equations. The equations and
their molor end temperoture coefficients sre given in Table IV-~-1€ for a
multicomponent system.(155)

4.05 Hydrogen ion ¢oncentration, ph

Bue to hydrolysis, stolchiometricelly neutrsl aqueous Al(NOB)Q
solutlons give un zcidic recetion. The pH veries from 1.4 for a°1°0
¥ solution to 0.1 for ¢ 2.4 M sclution. Since fission-product decontam-
ination in the IA Columm is improved by the usc of IAS solution with =
higher pH then thot of an untrerted sluminum nitrate solution, the IAS
solution is mede 0.2 M acid deficient by the addition of NaOH.

The pH of Al(NO;}q golutiong of verious concentrotions, as a function
of 2dded acid or bust Is shown in Figure IV-17. A nomograph relatin%
oH, Al(NO3)3 molority. and HNO. molarity, is given in Figure IV-14B,(134)
The addition of one or two moles rer liter of NaNO,; hos little
effect on the pH of acid soclutions of aluminum nitrate or urenyl nitrate,
but ecid-deficient solutions of &luminum nitrate show about 0.17 PH umit
drop per mole of *aHOa.(175)

k.06 gaturstion temperctures

The seturstion temperstures of agueous solutions of AL(NO,). and
HNO3 have been determined by both the freczing point (first appeldrance
of solid phese) ond the melting point {last evidence of solid phase).

wos  NECLASSIFIED . —
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Temperature-composition phase dizgrams for the A1(NC.), - H O and
AliNOg)§ - HNO3 - HpO systems ore plotted in Figure IV—lO;aﬁd Fi@ure Iv-
18.(12,149) Ekxtrapolation of the melting point isctherms of Figure IV-19
to zero concentration of UOE(NO§A5)yields the following dota for the

Al(NO3)3 - HNOy - HpO system: (
Melting Point, AL(NO3)3 = HND3 ~ HpO System

A1(NO3 )3 Molarity

. At At At At At At

HNO3 Concentration %,  .18%c. -15%c. -20°C. -25°C. -30°C.
0.0 M 0.66 1.4 1.32 1.57 1.73 -
0.15 M 0.57 0.95 1.28 1.4k 1.62  --

0.30 M 0.52 0.90 1.175  1.36 1.5 1.66

0.60 M 0.35 0.76 1.0 1.25 1.7 - 1.57

Freezing-point detc for neutrslized and un~neutralized composite Redox
wastes are included in Figure IV-12. These data cover the renges 0.8 to
1.6 M AL(NO;); for neutrelized weste, and 1.0 to 2.8 M Al(N03) for un-
neutralized waste.(196) TFreezing points ere not changed appreCiably by the
presence of process emounts of hexone or sodium dichromate. )

L.07 Boiling point

Boiling point and compositicn deta from the batch evoporation of &
stream initially 0.63 mclar in both.Al(NOg)S and HNOs nre given in Table
IV-20. The data show that upon e*aporatién of 87 voiume per cent of the
original charge, the vepor “emperature incresses from 99.5 to 118°C. as
the Al1(KNO,)- cnd HNO3 concentrations in the residue increese to 5.0 and
1.33 M, réspectively(140) rpe boiling points of composite Redox agueous
weste EHg §c. L Flowsheet) at verious Al(NO3)3 concentrations are glven
below: 196

Uh-neutralized Neutralized
AL(¥NO3) Boiling AL(NOZ) = Boiling
Concentru%ion, Point, ConcehtFation, Point,
M °c. M °c.
2.532 114 1.328 107
2.667 115 1.462 109
2.800 116 1.620 110

L .08 Specific heat

The specific heots of agueocus A1({NO.)., solutions are plotted along
with those of UOQ(NOS) end HNO. solutichs”in Figure 1V-21. The values
are seen to decrease wgth increising salt concentrations.
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The heats of solution of Al(NOS) *9H50 et 25°C. in woter and in 66
per cent HN03 age tebulated below. Ail heats are negative; l.e., heat
is absorbed: (160)

Initisl Composition Final Composition Heot of Solution
HNO-, AL(NO3);'9H~0, HNO., AL(NO,).*'9H_O, Cel. /G, Mole of
G./r. G%/E. 2 G./Et a. 713 7% AL(NO3)3

923 0 917 16.5 -15,100
917 16.5 914 . 4 23.0 -11, 700
0 0 0 6.6 - 7,200

|
4.10 Solubility of hexone in agueous solutions

The solubility of hexone in aQueous solutions i1s depressed by the
presence of Al(NO3)3, e.g., from 1.87 weight per cent hexone at 259C. in
water to 0.62 weight per cent in 2 M Al(NO3)3. These solubility date mey
be calculated at any desired temperature from O to 130°C. for any or sall
of the components in the system UOy(NO3)p - Al(N03) - HNO3y - E.O, by
meons of the equation and temperature Ctoefficilents given ih Teble Iv-22.(166)

4.11 Flesh point

The flash point is defined es the temperzture ot which & solvent giws
off sufficient vepor to produce £ flommable vopor-air mixture cepable of
ignition by on open flame as determined by certain stendsrd apporatus.

The aetivity or vepor pressure of hexone over & hexone-sctursted cgueous .
solution 18 sufficiently grect to moke the floming chorscteristics not too
different from hexone itself. :

The flash point of any equeous system conteining hexone is dependent
upon the tempersture prevoiling et the time of contect with the orgenic
phese;, the duretion of storage of the equeocus system, ond the conditions
of storaoge, i.e., temperoture and ventilation within the storage veesel.
For exemple, effluent IAW (ANL Flowsheet, 1.3 weight per cent hexone) hns
a Tng closed-cup flash point of 960F,(202) es . compored to 60°C. for hexone
itself. However, IAW stored ot 25°C. for six weeks in.o closed vessel hos
been found to exhibit o flesh point of over 170°F.?202) This high figure
is ottributed tc decomposition of the hexone in the acid dichromete
system.

2+ Aqueous Urcnium Nitrote Solutions

5.01 Introduction

The properties of aguecus urcnium solutisns pley on importont part in
the Redox process throughout the feed preporetion step, the IA Column ex-
troction, end the subsequent urenium decontomination cycles. Presented
in this subsection are dota concerning squeous urenyl nitrste systems, in-
cluding those also contsining HN 3. AL(NO3)s, NaNO3, NopCrpOy, Fe(NEpSO3)p,
end hexone. ST T '
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5.02 Solubility

A ssturated solution of uranyl nitrate at 25°C. contains about T2 per
cent by weight of UOQ(N03)2-GHQO(13) or 2.6 moles per liter. The tempera-
ture-solubility phase di&gram for the UOg(No3)2 ~ Hy0 system is presented
in Figure I1v-23.(48)

The presence of nitric acid merkedly reduces this s0lubility as shown
by the temperature-composition phsse disgram for the UOQ(N03)2 - HNO3 -
HoO system given in Figure IV-24.(1%4) 4 golution of 60 per cent nitric
acld seturated with respect to urenyl nitrate contains only 23.5 per cent
UOE(NO3)2 by weight at 259C. Additional solubility deste are included with
the fréezing polnt data under 5.06, below.

5.03 Densitz

The densities of aqueous streams centeining uranyl nitrate are requir-
ed in feed meke-up and control of column performance (IA Column and sub-
sequent uranium decontamination cycles). Density differences between
rhages in a two-phase system directly affect droplet size end flooding
capacity, and therefore afford a convenient meassure of overall perform-
ance,

A large density gradient exists in both phases inm the IA extraction
section, whereas the scrub section shows little change in density with
stage number. Table IV-25 showsg the stagewise change in agueocus density
in both the IA and IC Columns as determined by laboratory countercurrent
batch equilibretions. These density profiles are given for the ANL June
1948, ORNL June 1949, and EW No. & Flowsheets in the IA Column and for
the ANL June 1948 Flowsheet in the IC Column.

The densities of the system UOQ(N03)2.- Al(NO3)3‘~ HNO, - H,0 ere
plotted in Figure IV-15. The values aré seen to inctease lgnearly with
Al(NO3)3 a8t the low concentrations specified.(l55)

The molsr and temperature coefficients of equations from which
densities may be computed for any solution in a multicomponent system
are given in Table IV-16. These include such minor components as
NeoCra0;, Fe(NHpSO3)p, and hexone .{155)

Densitiles at 100°C. for the system UOQ(N03)2 - HNO, - Hy0 are
shown in Figure IV-26. Also included are tempérsture cdefficients
necessary to ﬁg?vert the density at 100°C. to the density at any other
temperature.(

5.04 Viscosity

Viscosity data ere required for the correlstion of column perform-
ance and process flows with squecus stream compositions (cf. 4.0k, ebove).
The desired data for sny combination of constituents in a muiticomponent
system may be cbteined by mesns of the viscosity equations presented in
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5.05 Hydrogen ion eoncentration, »H

The apparent ecidity of equeous solutions of aluminum nitrate and
uranyl nitrate increases with an increase of szlt concentration due to
hydrolysis. The decrecese in PE is 1llustrated in Figure IV-27 for the
system UOE(NOB)Q - Al(NO3)3 - HNO4 {or NeOH) - E»0.

Sodium nitrate causes s Blight lowering of pH in acid-deficient
or neutral solutions, but produces no effect in ecid solutions, while
Naggiggg in concentrations up to 0.05 M does not appreciably effect
PH.

5,06 Saturation temperature

The temperature-composition phase diagrem for the UOQ(NO3)2 -
Ho0 system is shown in Figure Iv.23. )

The system U0, (NO Jo ~ ENOy -H.0 1is presented in a similar feshion
in Pigure Iv-2k.(184) 3 37"

The melting points of the system UO2(NO )o - AL(NO3). - ENO, _ Hy0
are plotted in Figure IV-18, and the melting Point isothéris for this
some system ere shown in Figure IV-19.{149)

2-07 Beiling point

The boiling points of the UO,(NO o - E;0 system are included in
Pigure Iv-23.(48)" The voiling points far ihe UO2(N03), « HNO, - EnO
system 1n the 0 to 80 weight per cent UO2(NO2 )5 and 8 to 60 wéight per
cent HNO3 renges are shown in Figure IV-26.(EB§

5.08 Specific heat

The specific heet of uranyl nitrete solutions is plotted as a function
of concentretion in Figure IV-21, in conjunction with the AI(NO3) and
HNO3 curves. The specific heot varies inversely with sdlute cofcdntra-
tion in all three instances,

5.09 Solubility of hexone

The solubility of hexone in the &queous system UOp(Nog)p - Al(N03)3 -
HNO3 or any combinetion of these constituents may be obtaihed from the
equation in Table IV-22. The date, covering the temperature range from
Q0 to 1309C., show th:t uranyl nitrate decreases the solubility while
nitric acid inereases the solubility of hexone in the agueous phese,

2.10 Refractive index

The refractive indices of uranyl nltrete sclutions are Plotted in

DECLASSIFIED
L




b5k N 00

DECLASSIFIED

The following four physical properties of aqueous uranyl nitrate solu-
tions ere given in Teble IV-29: {a) heat of solution, (b) diffusion coeffi-
cient, (¢) partial pressure of aqueous solutions, (d4) freezing point lower-
ing of agqueous solutions.

5.11 Miscellaneous

The conversion of concentration units is conveniently handled by the
use of the general equation: weight per cent = molarity x (formuls
weight) /(10 x density), where the density (in grams per cu.cm.) snd molarity
are taken at the sasme temperature.

6. Aqueous Plutohium Nitrate Solutions

6.01 Introduction

The pbysical properties of agueous plutonium solutions can be con-
sidered of interest in the Redox process only at the finsl plutonium pro-
duct concentration step, since the plutonium concentration in other pro-
cess solutions is too low to exert an eppreciable influence on the physi-
cal properties of the system. The effect of process amounts of Pu in ZBP
or 3BP, even efter the concentration step, upon such properties as density,
freezing point, end viscosity, is slight. (See slso Chapter VII,) Onm the
other hand, the chemical behsvior of plutonium in solution is of fundamen-
tal importence throughout the entire process. Both types of date are in-
cluded in this subsection.

6.02 Solubility

The nitrates of plutonium are considered very soluble in water.
However, ssturated plutonium nitraste solutions require the presence of 1
to 5 moles of nitric acid per liter to prevent hydrolysis and subsequent
polymerization or precipitetion of the hydroxide. {See 6.08 concerning
dilute Pu solutioms,) '

The solubility of Pu(IV) nitrete is in the range of 2.1 to 2.3 moles
per liter at 25°C., in the presence of ca. 1.8 M nitric acid.(51,59) The
approximate solubility of Pu(VI) nitrate is 2.1 moles per liter at @
25°C. 50,51)

6.03 Density

The densities of FPu(IV) nitrete - nitric acid solutions are given
velow as a function of sciution composition: {
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M © " Weight % H.N'O3 Concentration, M# Densitjr, G./Gu.6en.
0.24 ‘10 2.9 1.1k
0.28 11 3.2 1,16
0,34 13 4.2 1.20
0.k2 16 5.5 1.26
0.59 21 6.1 1.32
0.92 30 10.3 1.52
1.67 45 14.0 1.82
2.59 66. 12.0 1.93
3.35 78 11,0 2.08
3.60 82 12.0 2.15

*)Estimated from the density equation of Teble IV-16 by adding

e Pu(NO;)}; term with e molar coefficient of 0.22, This coefficient
- 1is deri%eﬁ from deta showing & solution containing 2.5 M Pugzv)
~nitrete end 1.7 M HN03 to have a specific gravity of 1.6(59

6.04 Seturstion tewrcrutures

The freezing end melting points of Pu(IV) nitrate solutions are
given below:(17)

Pu({NO3 ), HNO ,
Concentration, Concentretion, Freezing Melting Density,
M Weight % M* Point, °C. Point,°C,  G./Cu.Cm.(25%. )
0.76 24 12.3 -62 -28 1.55
1.0 30 13.2 -63 -y 1.63
1.6 L2 15.2 -70 -53 1.82
== 49 -79 -57

*}Estimated as in the table under 6.03 above.

The freezing temperature is glven as the polnt of first evidence of the
formation of & solid phese, and the melting temperature as the point of
first evidence of the formation of a liquid phase. The wide spread be-
tween the freezing points and melting points in the table above ig pro-

bably due to super-seturation of the solute in the freezing-point deter-
minations. ' _

6.05 Ionic species

All of the plutonium valence states rossible in agueous solutions are
encountered in Redox procese streams: Pu (III), blue-violet in color;
Pu (IV), green (the polymeric form of Pu (IV) steble &t pH'e above 1.0 to
1.3 is brown; see Subsoction 6.08 below); Pu (V), colorless; and Fu (vI)
pin%forange. The lonic specieg present in a non-complexing medium are
Putd , pytd | PuOp ¥, ang PuOg;"'z , 811 highly hydrated.(78) put4 ana Puoe'*'Z,
however, are complexed by nitrate ion. In 2 M acid the eguilibrium con-
stent for the reaction, Put4 + NO3~ ;=:Pu(NO3T+3 , 18 ca. 2.9.(74)
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Nitrate ion, therefore, is an effective salting agent for Pu (IV), since it
is probeble that Pu (IV) extracts as the nitrate complex or the neutral
molecule. The equilibrium constant for the reection Pulnte + N0y~ ==
PuOpNO3t, is ca. 0,19 at 8 M nitrate ion concentration.(gla)

Pu (IV) is highly susceptible to complex formation with sulfate ion,
the equilibrium constant for the reaction, Put* + HS0),~ z>Pusoy+2 + H,
being ca. 500 at 2.3 molar acid concentration.{75) The distribution of
this sulfate complex in the 2A Column {EW No.l Flowsheet, 0.1 M sulfate ion
in the 2AF) in the absence of high concentrations of Al(NO3) salting agent
would normally favor the aqueous phase, incressing Pu waste iosses in the
2AW. However, process amounts of ferﬁic ion preferentially complex the
sulfate and minimize the difficulty.( 2)

6.06 Oxidation - reduction couples

The formal oxidation potentials of the Pu series, defined as the
potentials at which the ggncentration of oxidized and reduced specles are
equal, are given below: (oD

Oxidation Potentlal
at 25°C., Volts
(Referred to the
Hp~>2H" Couple

Couple pH Reection As Zero)
1. V-VI 0-5  PuOg*—Pu0g*2 + o~ | -0.93
2. IITI - Iv 0-1.h Putd—puth + e" -0.96
3. IV -V 1.4-8 Puth 4 2Hy0 5Pu0yt + bE 4 7 ~1.00k
b, IIT-VI O Put3 + 2H,0 —»Pu0g*2 + YET + 3e” -1.015
5. IV-VI 0 Putt 4 2H,0 SPu0y*? + LEF + 2e=  -1.048

Writing the equatiomns with the number of electrons involved on the
right, the sign convention is used whereby the oxidized form of any couple
will oxidize the reduced form of any couple of algebraically greater po-
tential. Conversely, the reduced form of eny couple will reduce the
oxidized form of any couple of lower oxidation potential.

Comparing the above Pu couples with the dichromate oxidation poten-
tial: 20r*3 + TBpO - Crp0n= + 1M + Ge-; E® = -1.36; it is seen that
Cr207” is thermodynemically capable of oxidizing the reduced form of any
of the Pu couples listed. ghe ferrous-ferric couple: Fet2 aFet3 +e~;
E® = -0.771, shows that Fe'® will reduce the oxidized form of any of the
Pu couples listed.

6.07 Disproportionation

The most important disproportionation mechanism of Pu is the follow-
ing: 2Put® + 2Hp0 =>Put3 + Puly* + L', This slow disproportionation,
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followed by the more rapid reaction: PuO~t + Pu*“:;EPu02+2 + Put3) 1s
the mechanism for the oxidation of Pu (IV) to Pu (VI) at mecro concen-
trations of plutonium, the rolc of the oxidizing egent being to con-
vert the Pu (III) formed to Pu (IV).

In the reduction of Pu (VI) to Pu %II) the aboveudisproportiona-
tion mechanism is reversed: PuOst + Pu™3 + 4Et —oputh 4 2Hp0, th
rolg of the reducing egent being to reduce 13’u02"‘2 to Pu02+ and Put* to
Put3,

‘Due to the numerical similarity of the oxidation potentials of Pu
listed in 6.06, above, and to the repid equilibrium of the electron
transfer reaction: Puth + PuO,’ =2Pu0,*2 + Pu+31t 1s possible for all
Pu species to co-exist in aqueous solution; e.g., & solution of pure Pu
(IV) selt in 0.5 M HC1 contains at equilibriug, at 25°C,, 27.2% Pu (III),
58.4 Pu (Iv), 13764 Pu (VI), and 0.8% Pu (v).((7)

6.08 Plutonium (IV) polymer

When the acidity of a Pu (IV) solution falls to about 0,01 molar,
& polymeric species of Pu (IV) is formed in a matter of minutes. (68)
This material is & polymeric hydrozide containing approximately four
hydroxyls per plutonium ion,{%7) 4t an acidity of ca, 0.1 moler, this
polym?r San be formed at eleveted temperatures, but the reaction is
slow, 68 Between pH 2.5 and 3, precipitation of the polymer occurs.(65)

The Pu (IV) polymer is a positive colloid which is electrostatically
adsogbed on substances such as poper, sand, end gless, which assume
negative surface cherges when immersed in water.%72) The conversion of
the colloid into the nitrate complex occurs slowly in 1 M HNO4, the rate
increasing with increasing acid concentration and decreasing §f the poly~
meric solutlon has been breviously heated. Depolymerization is very
rapid at high temperatures in concentrated HNO3.(72) The oxidatio og
the Pu (IV) polymer to Pu (VI) by dichromete i3 slow even at 85°C,(118)

Polymeric Pu (IV} mey be formed in acid-deficient dissolver solu-
tlon in any flowsheet and in various brocess streams in an acld-deficient
flowsheet. An ionic Pu (IV) solution, however, is stable for ebout 1 day
in & solution 1.92 M U0, {NO )2, 0.20 M acid-deficient, contrasting with
the observed very rapid polimerization in acid-deficient aluminum nitrate
solutions. (%2} Vhon the TA Columm is operated under acid-deficient flow.
sheect conditions, the rlutoniwm must first be oxidized to Pu (VI) end
meintained as such by excess oxidant in order to avoid the formation of
inextracteble Pu (IV) polymer. Tn acid columns, such as the 24 Column,
Pu (IV) remeins unpolymerized, -

6.09 Precipitetion of plutonium

When aqueous plutonium streams, saturated with hexone, are heated to
80°C., or ebove, oxalate ion 1s formed from the methyl isopropyl diketone
Present as a hexone impurity or decomposition product, and precipitates
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the plutonium (IV) as the oxalatc. Thus, for those Redox streams which
are heated, & simple strip?ig% operotion removing 95 per cent of the
hexone, 1s a prerequisite,(183)

6.10 Photoreduction and raediation stability of Pu (VI}

The autoreduction and photoreduction of Pu (VI) produce Pu (Iv), en
oxidetion stete which results in high Pu waste losscs if present in IA
Colurm operation (see 6.08 end 6.12). '

In the absence of dichromate, the rate (at 25°C.) of Pu (VI) reduction
by the products of its own alphe particle bombardment of the gggeous solu-
tion is 0.2 to 0.3 per cent per day of the total Pu present.( No reduc-
tion is apperent upon 1 hour's exposure to the beta and gamma radiation of
diss?lveg solution conteiaing % curies per liter gross bete radiocactiv-
ity, (118

Photoreduction of Pu(VI) to Pu{IV) takes place upon the ahbsorption of
light from the blue reglons of the visible spoctrum. The extent and rate
of reduction are dependent upon light intensity, tcemperature, acidity,
plutonium concentration, ond urcnium concentration. The red?cté?n takes
place to & measurable extent only in the presence of hexone. 20 When an
aqueous uranyl altrato-nitric acid solution containing originally 0.14
grams of Pu(VI) per liter, 0.10 M NepoCrpO7, ond 1.3 M A1(NO3)3, is equili-
brated with hexone to give an aqueous phase of 0.115 M U02(§03)2 and -0.16 M
HNO3 at 25°C,, the Pu{IV) concentration increases at the rate of ebout 10
per cent per hour under fluorescent light intensity of 30 to 40 foot-
candles.(198) The increase of Pu (IV) is approximatcly linear for the
first few hours and varies inversely with uranium concentration,

6.11 Gas evolution

In macro concentrotions of plutonium, the intense alpha particle bom-
bardment to which the water of the solution is subjected, causes some de-
composition of the water into gaseous products.(l53) The mechanism for
this phenomenon probably involves (a) stripping of an electron from &
veter molecule by the alphe particle and (b) reaction of this positively
charged water molecule with & neutral water molecule to form hydrogen per-
oxide and free hydrogen. The peroxide rcacts with any oxidizable or reduc-
ible meterial present or decomposes, liberating oxygen.

The pressure devcloped on storage of plutonium solutions is a functiam
of free volume of the container, In & system of one milliliter free volume
end three milliliters of solution of 250 grams of Pu per liter, the pres-
sure dcoveloped is calculated to be 20 atmospheres in 1 year and 700 atmos-
pheres after about 37 years (ot which time all of the water is converted to
hydrogen and oxygen). The corresponding pressures for 25 ml., of free space
are 1.8 and 30 atmospheres, while for 1000 ml. of free space the pressures
are 1,02 and 1.7 atmospheres., The above factors, high pressures and
formetion of explosive gas mixtures,necessitate the use of vented vessels

_for storage and handling of Pu solutions of high concentrations. (153)
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6.12 Chemistry of plutonium in dissolver solution

The predominant plutonium species in ?n g 1d solution of dis-
solved Irradiated uranium slugs is Pu(IV). 1L In this valence state
the distribution ratio, B, of Pu is too low to insure edequate re-
covery in the IA Column. An increasge in PH, e.g., contact with acid-
deficient aluminum nitrate scrud solution, causes rapid polymerization
of the Pu(IV), which in IA Column operetion results in high Pu waste
losses to the TAW. Chiefly for the latter reason, the plutonfum is
oxidized to the (VI) state before entering the IA Column. This oxida-
tion step 1s also necessary when filter aids such as Super Filtrol are
employed as scavenging ogents, for at pH's from 0.0 to 0.1, Pu(IV) is
alisorbed almost completely on the filter aid and cennot be entirely
removed,thus moking o fission-product scavenging step imprectical, On
the other hand, Pu (VI) is only 10 per cent ndserbed on Filtrol, and
can b 1§8§e then 99 per cent removed by leaching with dilute nitric
acid.

The oxidation of plutonium in Redox dissolver solutions to Pu(Vvi),
1s best eccomplishcd at elovated temporatur?s é 5 - 100°C.) in the pre-
sence of ce, 0,1 M NosCrpOr and 0.1 M HNO3. 11 There lg evidence that
un-complexed Pu(IV) is very rapidly oxidized under those conditions
(50 per cent oxidizcd in one ninute) but thet a 2 to b-hour period is
necessery to convert the less readily oxidizable Pu (IV) species present
in process solutions to Pu(vl), (118)

The rate of oxidation falls off repldly with increasing HNOy con-
centration. {76,118) 1hig effect may be attributed in part, to fhe
stabilization of Pu(IV) by the formation of nitrate complexes or, if
the mechanism of oxidation invalves disproportionotion of Pu(IV), to
the decreased rate of the following disproportionation reaction at
higher BV ion concentration according to the law of mass action: 2Pu+h
+ 2H,0 =2Putd + PuO§+ +4g*, This is followed by the reaction PgOg* *
Puth =2 puos*2 4 pyt » and the oxidotion of Pu(III) to Pu(Iv).f92 In
eddition, assuming that CrO4= is the ion regponsible for the oxidation
of Pu(IV), H' in all probebility slows the reaction by suppressing the
second lonlzetion of chromic acid: HCrOy-=E* + Cr0,~,

6.13 Reduction of Pu in the IB Column

The reduction of Pu(VI) to Pu(III) in the IB Colum by ferrous ion
is rapid, the recctioa being complete in less than 15 seconds.f§9$3

High concentretion of Pu and low concentration of reducing egent favor
the following mechanism: (a) direct reduction of PuOs*2 to PuO.* by
¥e(II), followed by (b) the reaction, Pulpt + pu*3 +EH+:;32Pu+ + 2Hp0
(rate-de?ermining step), followed by (c¢) direct reduction of Pu(Iv) to
Pu(Ix1),{71,76) "At low Pu concentrations (0.2 to 0.4 grams per liter)
such as found in the IB Column, dircct reduction of Pu0p*e to Pu(IIT) is
more probable. The oxidetion of Pu(III) to Pu(IV), occurring due to
nitrate ion, is slow at roonm temperature in diluts HNO3, 0.2 M or 1ess$76)
and is prevented by ferrous ion in the IB Column,
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6.14 Chemistry of plutonium in cross-over cxidation

The chemistry of the batch cross-over cxidation step for the convers’
sion of Pu(III) to Pu{VI) between the IB erd 2A Columns is similar to the
oxidation of dissolver sclution. The reaction proceeds first by the very
rapid oxidation of Pu(III} to Pu(IV) by dichromate ion in dilute nitric
acia(76). 'The rate of reaction of the remeining step, the oxidation of
Pu{IV) to Pu(VI), is a function of several variables: () the pul{IV)
species ( whather uncomplexed Pu(IV), Pu(IV) nitrate complex, or Pu{Iv)
polymer), (b) Pu concentration, (c) temperature, and (d) nitric acid con-
centration, The rate and extent of oxidation of Pu(IV) are not materially
affected by concentrations of UO,{NO3)p as high &s 1.0 M, or by Cr(VI) cog~
centration in the range 1.25 to 5.0 mg. Cr(VI) per milliliter. In Redox
process solutions, which contain approximately 0.2 to 0.4 g.,Pu per liter,
the Pu(IV) - Pu(VI) oxidation reaction is slow at room temperatures with
the half-times reported ranging from 7 hours for an ORNL pllot-plant
IBP solution “o 80 hours for a synthetic hexone~free IBP solution. The
difference in reaction rates is attributed to the catalytic effect of cor-
rosion products and hexone decomposition products present in the ORNL
IBP solution. Reaction rates for the same conditions with trace gquanti-
ties of Pu (0.1 to 2 ug./ml.) are faster, with half-times ranging from 80
minutes for a hexon?~gaturated IBP solution to 33 hours for a hexone-free
synthetic solution.!d 5) At elevated temperatures (8% to 100°C.) with
flowsheet concentrations of Crp07= and HNO3 (0,02 and 0.1 M respectively)
it is believed that the reaction will be complete within 2 to 4 hours. In
an aqueous solution comparable to IBP, containing 3.5 M NHLNO3, 0.35 M
HNO3, 42,800 Pu({IV) counts per minute per milliliter, and 0.5 mg. Cr(VI}
per mill%légﬁr, the Pu(IV) was 8 per cent oxidized to Pu(VI) in 10 minutes
at 81°¢,\7 A half-time of approximately 1.5 minutes for the oxidation
of trace quantities of Pu(IV) to Pu(VI) ?¥ gr207= at 75°C. in an agqueous
1 M HNO3 solution has also been reported. 6) “fne aifference in rate be-
tween the (IIT)-(IV) and (ITIMVI) reactions is sttributed to the fact
that the (III)-(IV) reaction involves only the transfer of en electron
and does not require the formation or breaking of oxygen bonds as is the
casc with the formation of Pulyte,

The practically instantaneous reaction rate for the oxidation of
Pu(III) to Pu(IV),which is complete in less than 20 seconds at o5°¢, , (180)
45 utilized in the continuous cross-over oxidation, whereby the Pu(III)
is converted to Pu{IV) by the acid and dichromate either in the IBP or 24F
Tank or in the 24 Column at the ambient tempercture (see Sectiom A). The
oA Column is maintained acidic to prevent the formation of the stable,
difficultly extractable Pu{IV) polymer.

7. Sulfemic Acid

7.1 Introduction

Sulfamic acid, or rather the sulfamate ion, NHpSO3™, is used in the
Redox process as & holding reductant. The sulfamic acid is required in
this role in all columns in which plutonium is separated from uranium by
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the selective reduction of plutonium to the hexone-inscluble Pu(III)
state, i.e., in the IB, 2D, and 3D Colwmns. This reduction is accom=
plished by ferrous ion, the role of the sulfamete iom being to prevent
the premature oxidation of Fe(II) to Fe(III) by nitrite ion, and hence
re-oxidation of Pu(III) to Pu(IV),

7.2 Physical properties

Formule H3O3NHp
Moleculer weight 97.09
Appearance White crystalline solid, non-
‘ volatile, non-hygroscoplc, odor-
less.
Melting point 205°C., with decomposition,(3)
Solubility in hexonc 0.35 g./1.

{(water saturated, 24°C,)

Solubility in water: (2, 3, 104)

Temperature,
°C, G. Sulfamic Acid/100 G. Hp0
0 14,58
10 18.56
20 21,32
25 . 21,80
30 26,09
40 29 .49
50 32,8
60 37.10
70 %1.91
80 47,08

In general, all ordinary selts of sulfamic acid are highly soluble
in water, being in most instances more soluble then the corresponding
nitrate or sulfate of thet metal.

7.3 Chemical provnerties

7.31 Acld strength

Sulfamic acid is considered a strong acid, beihg less strong than
nitric acid, but stronger than phosphoric acid,(3) Itg PH, as a func-
tion of conecentration,is as follows:
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Concentration of

Sulfamic Acid, M pH
1.0 0.4
0.75 0.50
0,50 0.63
0.25 0.87
0.10 1.18
0,85 1.4%1
0.01 2,02

7.32 Hydrolysis
Sulfamic acid hydrolizes according to the equation:(a’ 10k)

NHpS0:™ + Hp0 == NHLY + 5047,

The hydrolysis rete at room temperature is slow-- about 0.1 per cent per
day for either a 1 M sulfamic acid or 1 M sulfamic acid, 1 M HNO3 solu-
tion., A similar rate is found for a 1.0 ¥ sulfemic acid, 1.0 M I(NO ) 3
and 0.3 M HNO; solution. The hydrolysis is & first order reaction with
rate constant® at 80°C. of 0.0456 axd 0.0825 per hour (i.e., 4.56 and
8.2 d?composed per hour) for 1 and 10 per cent solutions, respecw-
tively.(2,90)

7.33 Reactions

Sulfamate 1 n ?acts rapidly, smoothly, and completely with nitrous
acid to give Np:

HNOp + NHpSO3™—>Np + SO4= + HpO + H',

Warm concentrated nitric acid recets with sulfemic acid to produce
N20 gas.

Dichromate, permangcnnte, and ferric chloride do mot atteck sulfamic
acid, (2,83,104)

A 0.1 M sulfamic acld sclution ozonated for six hours at room tempert -
ture decomposes to the extent of only a few per cent.(177)

8., Ferrous Sulfamate

8.1 Introduction

Ferrous ion is used in the Redox process for the selective reduction
of plutonium to the hexone-insoluble Pu(III) state (see Section A), and is
supplied by commercially available ferrous ammonium sulfate.

The alternative to ferrous ammoniuﬁ sulfate is the combined reducing
agent and holding reductant, ferrous sulfamate. This substance is not
commercially available, and if required, must be prepared on the plant
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site by dissolving hydroger-red.iced iron powder in sulfamic acid,

8.2 Physical properties of ferrous sulfamate

Formula Fe({S0NHp )

Molecular weight 248,03

Appearance - The 2 2 M solution is greenish-blue in
colorl o) ’

Solubility The saturation concentration in water is

in the range of 3.6 to 3.8 M at a50¢, (164)

8.3 Reactions and stebility

High pH contributes to the stebility of sulfamate ion towards
hydrolysis, while low pH is necessary for the stability of ferréus ion
towards oir oxidotion ond consequont precipitation. The stability of
ferrous sulfamate toward furric precipitation ig satisfactory upon main-
teining the pH of ¢ or slightly less with 2 2 to 3 per cent cxcess of
sulfemic ecid,(164) The oversll stability of o ferrous sulfamate solu-
tion maintained &t < pH of 2 in a vesscl containing an inert-gos blenket
1s limited by the rate of hrdrolysis of sulfamote ion, This rate, as
reported in 7.32, above, is epprozimately 0.1 per cent per deoy at room
temperature, and increeses to over k per cent per hour at 80°C. The
total emount of sulfate ion in the solution due to hydrolysis will be
the sum of that produced during the preparation of the ferrous sulfamate

(approximately 1% of initial sulfamic acid) plus that produced on aging,

The reaction between sulfamate ion and nitrous acid, described une
der sulfamic¢ acid (sec above), 1s the reaction which prevents the oxidn-
tion of Fe(II) to Fo(IIl) through en autocatelytic mechanism involving
nitrite ion.(104,118) 1n 5.0 M HNO3, where oxidction of Fe(II) to
Fe(III) is normnlly rapid, sulfamste ion maintains the half-life of
Fe(II) in the range of 30 to 50 hours.(16h)

In & solution initially 0.9 M Al(N03) ; 0.3 M HNO3, 0.05 M Fe(II),
and 0.05 M sulfomate ion, 16 per cent of "tho total iron is converted to
Fe(III) efter 25 deys ot 20 to 25°C. A similar solution, 1.5 M in
Al(NO3)3, contains 15 per cent of the total jiron ms Fe{IlI) after 5
days, thus still exhibiting satisfactory stability for convenient make-
up of IBX-type solutions, (104) _ :

The oxidation of Fe(II) proceeds more rapidly in the presence of
hexone presumably due to the presence of an increased concentration
of nitrous acid. The ferrous iron in a solution initiclly 2 M
A1(NO3)3, 0.3 M HNO3, 0.05 M Fe(II), end 0.05 M sulfamate ion, is more
than %O per cent oxidized to Fe{III) when agitated at 25°C. for 8 days
with 10 volumes of hexone, The requirement of stability, however, for
a h-hour column contoct is adequately met, (10
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8.4 Preparation

Ferrous sulfamate is prepared from hydrogen-reduced iron ﬁowder and an
aqueous solution of sulfemic acid by the following reaction: (24;26)

Fe + ZHSO3NHE-—~9F6(SO3NBQ)2 + Hy + 24,600 celories.
A standordized procedure for this prepuration is described in Chapter VIII.

9. Interfaclal Tension and Phase Disengaging Times

9.1 Introduction

The process of liquid-liquid counter current extraction involves inti-
mate contact between two cssentially immiscible liquids, during which time
the solute is transferred from one phase to the other across the phase
boundaery between the two systems. This desired contact is obtained in the
Redox process by dispersing, in the coatinuous phase, fine droplets of the
organic phase which, due to the lerge specific gravity differential, rise
vertically through the morc dense, descending agueous phase. Interfacial
tension in such a system, on=logous to surface tension in distillation and
absorption processes, influences the size of the droplets of the discontinu-
ous phase, Smeller droplets are more easily formed with systems of lower
interfacial tension, the droplet dicmeoter being proportional to the inter-
facial tension. Small droplet dismeters, in turn, mean increased inter-
faclal aree resulting in increased solute mass transfer retes across the
interface., The final result is manifested in lowered H,T.U. values,

Too fine a dispersicn however, which mey result in the férmation of
an emulsion, is not desiroble, owing to the corresponding increased diffi-
culties of phase seporation whi%p ?utweigh:any advartaeges resulting from
the incressed interfocial area,(ib '

The determination of the emulsion-forming properties of a gystem is
made by measuring the time required for the phases to disengage. The dis-
engagement time correlates spproximately with extroction column flooding
capacity end entrainment losses., There seems to be no indirect method of
determining disengaging times, since no reliable experimental correlation
hes been found betweesn interfacial tension, density, pH, ete¢. of process
streams and their disengaging times.

9.2 Interfacial tension

The range of interf?ciﬁ} tension varics from about 11 dynes per cm. for
a water-hexone interface(ll®) £o 5.5 dynes per cm. for the interface between
agqueous 2&0 M U0, (NO3)2, 0.3 M HNO3, 0.3 M A1{NO3)3, cnd equilibrated
hexone. ) :

Interfacial tension at the extractant, scrub, and fe%%ésoints of Redox
columns are given below for the ANL Juné, 1948 Flowsheet,

- DECLASSIFIED -




S DECLASSIFED

e Inberfacdel Tensioqz_Dyneaﬂgg.
Column  Extroctant Inlet  Scrub inlet . Feed Iniet

IA 7.8 9.8 6.5
18 10.3 11,0 9.8
Ic 11.3 - 7.8
24 11,5 11.0 11.9
2B 11.6 — 11.1

9.3 Disengoging time

Disengeging time has been arbitrarily defined as the time required
for the sepuration of sn organic from an agueous phase, when the two
have been combined in the appropriate ratio (usually the flowsheet
ratio) to a total volume of 50 ml. and inverted in a stoppered S0-ml,
gradusted. cylinder ot the rote of once per second for 20 seconds. (207)
Typical disengoginz times of IAFS - IAX systems are given below es a
function of flowshcol corpositions (IAMS is def%ned a8 the agueous
phose composition at the L1 Column foed inlet):(178)

Disengoging Times - IA Colwrm Systems*

Discengrging Time,

Plowshoot TAFS Seconds
ANL June, 1345 15
ANL June, 1648 16
ORNL June, 1949 20
ORNL June, 1949 20
HW No.k 16
EW No.,4 L

*)These date were obtained with solutions from column runs made
' with no sodium dichromete in the IAFS,

Acid-deficient systems generslly exhibit disengaging times about
10 to 15 per cent higher than corresponding ANL Flowsheet systems,

Ozonolysis of dissolver solution produces no significent differ-

ence in the disengaging time when compared with an untreated solu-
tion, (187)

Although disengaging times for the IA Column as low as 1l seconds
have been observed, ¢ roize from 15 to 25 scconds hes proved satisfac-
tory for column operstion., Times exceeding 34 seconds indicate the
presence of Impuritice which cause emulsification in the TA Column angd
gencrally reduce the [looding capacity of the column to as low as 50
to 75 per cent of the normal caprolty.

9.4 Emulsifying impurities

The presence of emulsifying agents in minute quantities has been
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noted to cause wide veriotion in the disengaging times of systems of
essentially identicsnl macro-composition. With JAFS-IAX disengaging

time as the experimental criterion, an emulsifying impurity has been

fo t? originate in the metal dissolving step, prior to IAF make-

up. 160 This impurity, siliceous in nature, probably results from the
Al-Si slug jocket bonding material, and tends to remsin in the equeous
phase during extraction. However, when the dissolver solution 1s treated
before use with a scavenger such ag Su&?s Filtrol, it is found that dis=-
engaging times return to norual, (160,1 In contrast, MnOp scavenging
does not appear to have an sppreclcble effect on the disengaging time {205)

10, Heats of Extroction

10.1 Introduction

The trensfer of uranium and nitric acid from en agqueous phase into
hexone 1s eccompanied by the liberation of heat, and the reverse transfer,
from hexone to agueous, results in the absorption of heet. These phenom-
ena are observed during the operation of the IA and IC Columns, respec-
tively, and are of intersst since distribution ratios, Ef, of uraniunm,
plutonium, fission products,and nitric acid, show a decreasc with an in-
crease in the tempereture of the system (see Section c).

The following calorimetric data apply at room temperature and are the
averege heats for transfer from initial compositions to equilibrium.

10.2 Uranyl nitrate

The heats of extrac:ion of several systems containing uranyl nitrate
are tabulated below:{(156)

Initisl Composition Average AH¥%
Hexone Phase Agquecus Phese Gram Cal, MOle of UO;.»(NO3)_2
0.5 M EROj3 1.0 M UOs (N03)2 -5800
0.3 M ENO
2.82 M Al?NO3)3
0e5 M. U05(NO )2 Hx0 +2900
0.1 H HNSB ?
0.5 M UOp(NO3) 0.3 M HNO +3340
0.1 M ENOj3 Cc.t2 M AI?NO3)3
0.5 M UOp(NO3)2 1.3 M AL(303) - 460
0.1 E HNOB 3 - 373

*) +AFE = Heat absorbed.
Values of ~6000 and +3500 calories per mole of uranium transferred

have been obtained from the oporation of IA and %C Col , respectively,
under conditions of the ANL June 1948 Flowsheet, 159,168) "However, a
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variation of IC Column inlet stream temperatures over the range from
19° to 33°C. results, in no significent chenge in urenium H.T.U. or
H.E.T.S. values.(}™

~)

10.3 Kitric acid

The heats of e ractlo of geveral systems contsining nitric scid
are tabulated below: (136,

Initial Composition Average o H¥
Hexone Phase Agueous Fhase Grem-Cal./ Mole ENO4
0.5 M HNO3 Hp0 + 170
0.5 M ENOg 0.3 M HNOg nil
0.82 M AL(NO3)3
Hexone 1.0 M HNOjg -1200

#*) + M = Feat absorbed.

The last figure, -1200 calories per mole for the heat evolved by
the system on the trensfer of nitric acid from weter to hexone, takes
into account the heats of transfer of water into hexone and hexone
into water.

10.4 Hexone and water.

The AH's of solution of weter in hexone and hexone in wgter from
the pure compound to éaturat%on are 41800 and -2250 calories per mole
of solute, respectively.(l O) These values are not appreclably affected
by the presence of other solutes.

DECLASSIFIED
L]




C. HEXONE-AQUEOUS PFASE EQUILIBRIA

1. Uranium
1.1 Introduction

The successful separation of urenium, plutonium, end fission products,
in the Redox solvent~extraction process, is dependent upon the distributim
ratios of the individusl materials between the mqueous and orgenic phases
es a function of the composition of the pheses involved in the transfer
system. The following tables and figures illustrate the dependency of
urenium distribution upon the process veriebles. A discussion of the
basic principles involved in the seperations process, and the choice of
optimum operating conditions, sre presented in Section A of this chapter.

1,2 JA Column conditions

1.21 Effect of salting agent

The salting egent employed in the Redox rrocess is sluminum nitrate.

Its function 1s to incresse the distribution of both plutonium end urenium
into the organic phase. The uranium salting effectivencss of some alter-
nate salting agents is comparcd with AL(NO,); in Figure IV-30. For a
glven salting effectivencss, as measured by %he distribution retio,
A1(NO3)3 and Ca(NO3)p are further removed from scturction and are thus
superlor to NH& N03. The effect of NaNOy has been determined ond compered
to Al(N03)3(17 ). “The saliing s*rongth 0f 2 M NaNO3 is found to be equiv-
alent to 0.47 M AL(NO3)3 for 0.1 M U02(N03)2 solutions, ond equivalent to
~ 0.40 M AL(NO3)3 for 1.5 M UOE(NO372 solutions. The salting strengths of

nmixtures of RI?NO }3 end NeNO3 cre additive functions of the salting
gtrengths of the gn ividqual sslts.

1.22 Effect of nitric acid concentration

The digtribution of urcnium as 8 function of the nitric acid concentra-
tion is 1llustrated in Figure IV-31 and Teble IV-32, where the acid con-
centration in the system veries from 1.0 to -0.2 M. When. the scrub snd
feed streems are acid-deficient the use of nitric acid in the extractent
results in a more fevorable distribution of urznium into the orgemic phase
et low uranium toncchtrations” (Figurc IV-33}...5ince the ocid is removed
from the orgenic stream in the lower portion of the column, the use of an
acld extractsnt hes little effect on urcnium distridution at the higher
urenium concentrations preveiling ncor the feed point.

1.23 Effect of uranium comcentrotion

The effect of uranium concentrntion on urenium distribution is shown
in Figure IV-31. At low AL(NO3)3 concentrations {below 0.6 M), uranium
distribution inecresses into the orgenic phsse with en increase in uronium
concentretion, wherees ot AL(NO )3 concentrations 1 M and sbove, this
effect is reversed, presumebly gue +0 the closer approach to 100 per cent
saturation of the hexone with urenium.
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1.24 Effect of temperoture DECLASSIFIED
The distribution retic of uranium as s function of temperature is
given in Figure IV-34. Over tuc temperoture range from O to 60°C., the
uranium distribution rotic ig scen to very exponentlclly, increasing in
favor of the orgenic phease ot lower temperatures. Under IA Column
conditions, the incicige amounts to a factor of sbout 5 ng the temperature
is decreesed from 60 to 10°C.

1.25 Effect of solvent impurities

The effects of five impurities which might be formed from solvent
decomposition under off-stcndard operating conditicns are shown in
Table IV-35. The dote show no significont effect of any of these im-
putities on the distributicn rotio of ursnium in the presence of
1.0 M A1(NO3)3 salting ogont.

1.3 1A Column equilibrium dicgrens

Equilibrium lines for the IA Column under the conditions stipulated
in three different fluwsheets (W -No.l, ORNL June 1949, and ANL June,
1948) are given in Figure IV-3¢6. A rore favorsble urenium distribution
in the dilute region is found for the BW end ANL Flowsheet conditions, due
tc the use of an scid extrnctant. A more fovoroble uranium distribution
at higher uronium concentrotions is shown for the ORNL Flowsheet because
of the higher selting cgent concentrotion. The effect of Al(NO3)3 con-
centrotion on the equilidbrium line for the HW Flowsheet is shown gn
Figure IV-37, while Figures IV-38 snd IV-39 illustrate this effect for
the ORNL and ANL Flowsheets. The AL1(NO )3 concentrotions given include
the equivalent salting effect of the Na§o3 formed during the preperation
of ecid-deficient soluticns by neutralizetion with NaOH.

1.4 IC Column conditions

1.41 Bffect of nitriz ccid concentrotion

Uranium distridbution as r function of nitric ocid cencentration under
IC Column conditions is shown in Figure IV-40. Distribution into the
agueous phase increases with decressing nitric aeid concentroation in the
aquecus phase. With an aqueous phese conteining 300 g./1. UGQ(NO3)2-
3HpO(UNT), the uranium distribution ratic (eq./crg.) incresses from
4 to 20 as the aqueosus phase HNO3 concentrotion is decressed from 70 to
O g./1. This eff.ct is more proncunced at low urenium concentretions
(see 1.42, below).

1.42 Bffect of ureniunm concentrotion

The effect of urenium concentraticn on uranium distribution under
IC Column conditions, is given in Figures IV-31 ond IV-40. Uranium
distribution into the zqueous Phose is markedly increased by @ decrease
in urenium concentration. As the aquecus phase UOQ(N0q)2 concentration
is decreased frem 100 to 10 g./1., = hundred-fold increase of uranium
distribution into the aquecus phase is noted.
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1.43 Bffect of temperature

The absorption of hest during IC Column cperetion results in o lower-
ing of the temperature of the system. The rclatively smaoll effect of terp-
erature on uranium distribution uader IC Column conditions is shuwn in
Figure IV-3k. Ursnium distribution into the orgonic phase is seen to in-
cgease by o factor of about 2 as the tempercture is decrecsed from 60 to
o~C.

1.5 IC Column equilibrium disgrous

Bquilibrium lines for IC Column operation for varying nitric secid con~
centrations, are shown in Figure IV-41. The renge of nitric ecid concentra-
tion, O to 70 g./1. in the aquecus phose, is sufficient to permit estimation
of urenium equilibrie under conditions other than stondard. The slopes of
the equilibriun lines very from 0.85 for X wvalues above 0.6, to a value
approaching 0 in the dilute region. For X values above 0.6 the slopes are
independent of the wgueous phase nitric acid concentration, wherees, for
X values in the renge from 0 to 0.1, the equilibrium line slopes increase
by a fector of asbout 10 (from 0.005 to 0.055) ze the nitric acid concenh-
tration increases from O to 45 g./1. .

2. Plutonium

2.1 introduction

As with ursnium, the snlvent-extrection characteristice of plutonium
are dependent upon the temperature snd chemical compositions of the orgenic
and aqueous phoses comprising the systen of which it is a port. There is,
however, in the case of plutonium, the nore important consideration of
valence state, since the change in distributicn ratio with change of
Pu volence provides the principle om which is based the seperation of
plutonium from urenium end fissicn products in the Redox proceéss.

Much of the date reported on Pu distribution resulted from tracer
investigations in which oxidizing and reducing impurities present in trace
snounts mey heve chenged the Pu oxidetion stote. Experiments using nocro
apounts of Pu more nesrly approach column conditione since an appreciable
change in oxidstion state is less proboble. Apperent inconsistencies in
Pu-distribution date are attributed to this phenomencn.

2.2 Plutoniun (VI) aistribution

2.21 Effect of salting cgent

Aluminus nitrete is @n efficient salting agent for plutonium (VI), as
shown in Figure IV-42. At a fixed uranyl nitrote concentretion, the
plutonium (VI) distribution coefficient (organic/aqueous) increases with
increasing aluminum nitrate concentration in the agueous phase. An aqueous
solution 1.5 molar in Al(NO3)3 is epproximately eguel in selting strength
to an 8.0 M NE4NO3 soluticn, os shown below.
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Concentrotion of Selting  Distribution Ratio,

Agent. Moles/Liter G, /L. Org.
Szlting Agent in Aquecus FPhese G./L. Aq.
NH,,NO5 3.0 0.455
" 5.0 2.08
H 8.0 10.53
Al(NO3)3 0.5 0.076
H 1.0 1,32
H 1.5 2.09
Aqueous phose: 0.0 M U02(NO3)2, 0.0 M HNO3.
Organic phase: Pretrezted hexone.

In genercl, for constant ccidity and uranyl nitrate concentration,
the distribution coefficient varies os a straight-line relationship on «
log-log plot agoinst salting sirength wvxpressed o8 aluminum nitrate or
total nitrate concentraticon.

2.22 Effect of nitric =cid concentration

Hitric acid in the agueous rhose ilucreases the distribution ratio
of plutonium (VI) in the organic phose es shown in Figure Iv-42, but,
other factors remaining coustont, is somewhat less effective then aluni-
nun nitrote,

2.23 Effect of plutoniun eoneentration

The distribution rotio of piutonium (VI) is not significantly
affected by chenges in the totol plutonium concentration in the range of
compositions found in the Redox process €. From 50 counts per minute
per milliliter to 1.0 gronm per liter.?°3:%9,118,1gg)

2.2k Bffect of urenium concentration

In neutrzl or acid-deficient systens 0.5 to 1.0 ¥ in aluminum nitrate
the distributicn ratic of plutcniun (VI) exhibits a minimum value when
plotted os & function of the concentrotion of urenyl nitrote in the
aqueous phase. (See Figure IV-42.) In the presence of 1.0 to 2.0 M
aluminum nitrate, the Pu distributicn retio decreases slmost linearly
with increasing uranyl nitrate concentration, due to the "back salting"”
effect on plutoniw: .f the uranyl nitrote in the organic rhase.

2.25 Effect of temperaturc

It has been shown +hat temperature chances in the range from 5 to
40°C. affect Plutcnium (VI) distribution. (65) The following data &dre
neasurements on amrwnium nitrate systems, but the effect is peralleled
in systems containing aluminum nitrete:
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Flutonium (VI) Distribution
Cotumn Conditions  Temperature,  Ratio, G./L. Orgenic

Bimulated . C. ‘ G./L. Agueous
IA Feed Plate(a) 7 | 0.517
25 0.833
39 0.833
2A Feed Plate(b) 5 11.23
25 9.70
Ty} T.25
(a) Aqueous phase hefore _
equilibration; 4.0 M NE4NO3, 0.9 M U02(N03)2,
0.5 ¥ ENO3, O.1 M CrpOg, 1 ng./1. =
Fu (VI).
(b) Aqueous phase before
| equilibration: £.0 M N NOz, 1.0 M ENO3, 0.1 M Crp0y,
500 mg. /1. Bu (vi).

Unpublished work by the Chemical Research Section indicates that the
distribution retioc of plutonium (VI) (organic/aqueous), under conditions
approximating the 2A Column variles inversely with temperature, decreaging
by a fector of from L to 10 as the temperature is raised from 0.to 60°¢.
However, at high urenium concentrations. e.g., under IA conditions, this
tendency is reversed, and at 1.0 M UOp(NO3)2 end 1.3M AL{NO3)+ in the
aqueous phase, the distribution retio of plutonium (Vi) incfeéses slight-
égoas the temperature incresses, chenging from 0.95 et 0°c. to 1.1 at

c.

2.26 Effect of solvent impurities

Neither methyl isopropyl diketone nor mesityl oxide exerts e signif-
icant effect on the distridution of plutonium (v1).(147,151) The effects
of acetic acid ﬂ?ﬂ other hexone decomposition products are shown in
Table IV-35.(178) Acetic scid (0.6 M) in hexone increases the distribution
ratio of Pu (VI) to sbout 1.l 28 compered with 0.6 in the absence of the ~
acid, Bthyl nitrolic acid (5 ge/le in hexcne) increases the distribution
»atio from 0.62 to 0.97, while the other impurities listed do not appear
to have any appreciable cffect.

2.27 Effect of minor components

| Apert from reduction end holding oxident effects, neither sulfemic
acid nor sodium difhsgmate has en spprecieble effect on the distribution
of plutonium (VI),(10%192)

2.3 Plutonium (V) distribution

The chémistry of plutonium {V) hes been found to be similar to that
of neptunium {V) and ursenium (v).(10) fTherefore, due to the inextract-
ability of neptunium (V), end to the fact that Pu (V) forms no nitrate
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complexes,(139) it ig beli?vad that plutonium (V) is relatively
inextractable into hexone.(56,117} The distribution ratio (organic/
agueous) is estimated to be about 10-3.(85)

2.4 Plutonium (IV) distribution

2.41 Comparison with other oxidation states

Plutonium (IV) is extracted into hexone under the same conditions

as Pu SVI), but the distribution ratios are somewhat smaller, as shown
below.(81,167,192)

(a) G./L. Organic
Aqueous Composition, M Distribution Ratio, G.éL. Agqueous

AL(NO3)3 UD,(NO3), ENO; Pu (Iv) Pu_(VI)

1.3 1.0 0.0 Q.36 1.09
1.0 0.0 0.3 2.01 3.65
2.0 0.5 -0.2 0.19 2.16
1.0 1.0 -0.2 0.04 0.89

(e) Aqueous composition mfter equilibrotion with pretreated
hexone,

In the Redox process, the distribution retio of plutonium (IV) is
expresged in the following genersl equation:
o 0185 3
logio Ey = 1.885 + 2.5685 log, CN0§ - 0.6307 pH - 1.25 CUOE(NO3)2:

where the conc?ntrqtions {(C) are expressed in moles per iiter in the
aqueous phase, (192)

A more specific reletionship from which the distribution ratios
may be calculated in systems which contain no uranium end in which the
distribution retio (orgenic/aqueous) of pPlutonium (IV) is greater than
unity, is given by:

0 = -
logy, ES 1.2057 + 3.0425 Logy CN03 0.3661 pH,

where Cnos represents the totsl nitrate concentration in the aqueous phase
in moles Ber liter.(192)

2.k2 Effect of salting sgent

Aluminum nitrete is en effective selting agent for plutonium (1v),
88 shown by Figure IV-43, where the Py distribution raetio is given as a
functi?n ?f the concentration of aluminum nitrate in the aqueous -
rhase, 23 An increase in aluminum nitrate concentration from O.E‘g to
1.3 M in the aqueous phase, increases the distribution of Plutonium (IV)
into the organic phese by & factor of ebout 300. This figure also illug-
trates the comparative effects of some alternate salting agents.
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2.43 Effect of nitric acid concentration.

Nitric scid hes much the seme effect on the hexone extraction of
plutonium (IV) os it hes on thet of plutonium (VI), as shown in Figure Iv-
Lk, wherec an incresse in nitric acid concentration in the aqueous phase
is sccompanied by a corresponding increase in the distribution retio of
Pu {IV) in the orgsnic phase.(5u:84,118‘192) ’

2 4k Pffect of plutonium concentration

The data concerning the effect of plutonium concentration on the dis-
tribution ratio of Pu (IV) are erratic and inconclusive. It bas been
stated that in the absence of oxidizing and reducing agents Pu (1v) dis-
tribution ratios ere not sigﬂificantly affected by changes in total Pu
céncentration from 1.5 x 1077 to 1.46 grems per liter in the organic
phase.(192) '

2.45 Effeét of uranium concentration

The distribution ratio of plutonium (IV) as a function of urany%
nitrate concentration in the equeous phase is shown in Figure Iv-bi, 192)
In neutral or scid-deficient reglons, the value of the distribution
retio passes through a minimum et approximately 0.02 M uranyl nitrate
cogcentration. At 0,3 M to 0.6 M nitric acid, the distribution ratio
decresses uniformly with increesing uranyl nitrate concentration.

2,46 Effect of temperature

The change in plutonium (IV) distribution with temperature reughly
parallels that of plutonium (VI). From 0.3 M nitric acid solutions
1.3 M in aluminum nitrate, the Pu (1v) distribution coefficient decreases
by a factor of 2 to 5 with & change in temperature from O to 60°C. In
acid-deficient solutions, this distribution coefficlent becomes very -
small. and the temperature coefficient becomes correspondingly less im-
portent.(142

2.47 Effect of solvent impurities

The effect of hexone impurities on the distribution of plutoﬁium
(IV) is shown in Table IV-35.(174)

2.48 Effect of minor components

The concentration of sulfamic acid in the aqueous rphage does not .
exert a significent effect on plutonium (IV) distribution. 104,192)

2,5 Phutonium (III) distribution

The distribution retio of plutonium (III), Eu, is 4.5 x 107%
between he gne and a 1.3 M AL{NO3); solution which is 0.2 M acid-
deficient.(81,1394192) 1T is nof &ffected by nitric acid, urenyl
nitrate, or plutonium concentration in the agueous phase.t
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2.6 Equilibrium lines

Equilibrium lines for Pu(IV) and Pu(VI) in the IA Column for

HW No. b Flowsheet, ANL Jime, 1948 Flowsheet, and ORNL June, 1949
Flowsheet conditions, end in the 2A and 2B Columns for EW No. b
Flowsheet conditions are shown in Figures IV-45, IV-U46, IV-47, IV-48,
and IV-UQ. These equilibrium lines were determined by stagewise cal-
culation methods. For the IA Column, the calculations were based on
the assumption thet one plutonium stage is equivalent to one urapium
stage, and that plutonium distribution depends only on the concentrations
of uranyl nitrate, nitric acid, aluminum nitrate, and sodium nitrate,

in the aqueous phase. The concentrations of these components at each
stage were estimated from the results of batch-countercurrent equilib-
figg studieg made with "cold' uranium for each of the three flowsheets.

120,313,115) " pu(Iv) and Pu(VI) aistribution ratios for each stage were
estimated by interfolating between points on plots of Pu{IV) and (VI)
distribution date (167,192,198} siniler to Figures IV-42 apnd IV-4b.
For the 2A and 2B Columns, the calculations were based on the assump-
tions® that one plutonium stoge is equivalent to one nitric acid stege,
and that plutonium distribution depends only on the concentrations of
eluminum nitrate and nitric acid in the aqueous phase. ¥Nitrie acid
concentrations at eech stege werc cstimated from 2A and 2B Columm nitric
acid operating diagrems similar to thosec appearing in Chapter V.
Aluminum nitrate concentrations in the 24 Column were ‘gssumed to be 1.3 M
in the extraction section end 1.26 M in the scrub section. Pu(IV) and
Pu{VI) distribution rctiocs were estimeted from date reported by the
Bonford Works Chemiczl Research Scction,(167,192) By means of these
distribution ratios and equations for the Pu(IV) end Pu{VI) operating
lines for flowsheet conditions, X snd Y equilibrium curves were then
constructed by drawing smoothed curves through these points. .

The IA Column will normslly operzte on feed containing Pu(VI} only,
and the Pu{IV) equilibrium lines {dashed lines) on Figures IV-45, IV-LE,
and IV-47 are shown only to illustratc thot this column cannot extract
Pu(IV) without large woste losses, The loop in the extraction seétion
Pu(1IV) equilibrium lines for the AW Noe I and ANL Flowsheets (Figures
IV-45 &nd IV-46) 1s caused by the difference in nitric acid concentrations
between the bottom and top portions of the extraction section. Pu(IV)
eguilibrium favors the cgueous rhase in the upper portion of the extracd
tion section, because this portion is low in acid, while Pu(IV) eguilib-
rium fevors the hexore phese in the lower portion which contains a higher
nitric acid concentr-tion. The net result is thot .any Pu(IV) present in
the IA Column will reflux under the conditions of these flowsheets,
reaching concentrations in the center stages of the extraction section
approximately 5 to 20-fold higher thean the IAF Pu(1V) concentration, and
more than 50 per cent of the Pu{IV) will be lost to the IAW. Pu{lV) does
not reflux under the conditions of the ORNL Flowsheet (Figure IV-47)
since the entire column is scid deficient snd Pu(IV) equilibrium favors
the aqueous phese. Thus, Virtually all Pu{IV) would be lost to the IAW
under the conditlons of this Tlowsheet.

The 2A end 2B Columns can operate setisfactorily on either Pu(IV)
or Pu(VI). Both columns were designed to extract the valence state with
the most unfavoreble equilibrium relationships (Pu{IV) in 24, Pu{VI) in
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ZB). The equilibrium lines for the design velence state sre shown 28 solid
lines on Figures IV-48 and IV-L49, while the equilibrium lines for the other
valence states are shovn ea dashed lines.

3. Feptunium
3.1 Bffect of salting agent

Under acid flowsheet conditions, sluminum nitrate is en effective
salting egent for both Np {1v) and Np (VI).(3 )  However, under scid-
deficient conditions the stable spebifs is Np (V) which is relatively -
hexone inextrectable, ss shown below: 36,39)

Np.
' ‘ o Distribyticn
' o ' Initisl Composition of Ratio,
" Gystem Aqueous Fhase ¢./L.Crganic
Simulated Al(N€)3)_3_'BN03icrgo7_*g_qe NO . G. B O
IA Serub (acid) 1.3 0.21 0.01 0.5 koo
IA Bxtraction (scid) 0.7 0,15 0.0% 0.5 130
IA Serub : :
- (scid~deficient)" 2.0 -0.2° 0,05 0.5 0.12
~ IA Extraction - : B
(acid-deficient) 1.0 -0.2 0.00 0.5 - 0.012
IB Extraction (ecid) : -
(0.05 M Fe(NHzS03)p) 1.3 0.1% 0.00 0.5 0.05
Organic phase: Heutrél hexone, except IA extraction system
’ ' © is 0.5 M ENO,. |

3.2 Effect of nitric acid concentrastion

Neptunium is salted into the organic phase by small comcentrations
of nitri¢ acid. In neutral or ecid-deficient systems neptunium favors
the equeous phase under both oxidizing snd reducing conditions.t3
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Distribution
Composition of Ratio,

Aqueous Phase, M G./L. Orgenic
Conditions A1§N03j; gggguogig HN03 G./L. Aqueous

0.05 NapCra0y 0.7 0.0 0.0 0.3
2 0.7 0.0 0.5 1.7
n 0.7 1.0 0.0 0.7
; 0.7 1.0 0.5 1.5
0.05 Fe(NHpSO3), 1.3 0.0 0.0 3x10-3
" 1.3 0.0 0.5 1.5
" 1.3 0.3 0.0 2x10"3
» 1.3 0.3 0.5 0.35

3.3 Bffect of uranium concentration

With increasing uranium concentration, under ascid flowsheet
conditions, the distribution of N» into the orgenic phase decresses
slightly both in the extraction snd scrub sections of the IA Colymn,
Under acid-deficient conditions, however, incressing uranium reduces
the Np distribution retio, ES, (as shown in the following table) in
the scrub section of the IA Column but increases it in the extraction
section. Typical IA-system Np distribution ratios are tabulated
below.(36)

' Np Distribution Ratio,
Composition of Aqueous Phase, M G./L. Organic
U0z{103]2 AI{NG3)3 HNO3  Crp05 . G./L. Aqueous

Scrub Conditions:

0.0 2.0 -0.20 0.05 8
0.5 2.0 -0.25 0.05 0.1
0.0 1.3 0.21 0.01 16
g.5 1.3 0.21 .01 k
Extraction Conditions:

0.0 1.0 ~0.1C 0.05 0.001
0.5 1.0 -0.15 0.05 0.01
1.0 1.0 -0,20 0.05 0.02
0.0 0.7 0.15 0.05 1.8
0.5 0.7 0.15 0.05 1.3
1.0 0.7 .15 0.05 1.3

Organic phase: Neutral hexone, except in acid extraction
systems (last 3 lines of table), where it
was 0.5 M HNO3.

In an acid IB Column the distribution ratio of Np is constent at
about 0.05(Eg),
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4, Pission Products

4.1 Introduction

One of the important bases of the Redox solvent-extraction process
for the separation and purification of uranium and plutonium from fission
products is the fact that, with the exceptlon of ruthenium under certain
conditions, fission products are not readily extreacted into the hexone
phase as ere uranium end plutonium. The following dsta show the effects
of operating variables on fission-product distribution and are to be
compared to Subsections C1 and 2 for uranium and plutonium distribution.

Emphesis in this subwortion is pleced on the fission products Ru, Ce,
end the related peir, Zr 4+ Nb. The decontemination factors for these
fission products have proved to be the least satlsfactory in the Redox
solvent-extraction process. Zr end Nb are consldered as one,partly due
to their common decay chein (see Ag ndix A) snd partly due to. the fact
that Henford-level runs et ORNI{13 ?ehave shown that the decontamination
factors for both elements are sssentially the same throughout two solvent-
extraction cycles.

All distribution ratios in this subsection are given as
G./L. Organic Phase and henceforth, will be designated by the symbol, ER.
G./L. Agueous FPhese

The diatribution ratios for the various fission products are pre-
sented first and translation of these distribution det: into decontemina-
tion factors are taken up st the end of this subsection.

L,2 @rosg bete

The distribution of gross beta resdicactivity between hexone and
water in the Redox process ia distinct from the distribution of gross
gamma radioactivity. This is due to the fact that the individusl
fission products have charscteristic radiations which differ from the
redistions of other fission-product elements in threc principal ways:
{a) type of radiastion {whether beta, gamme, or both); (b) energy of
the rediation {which effects counting efficiency, as discussed in
Chapter II); and (¢} helf life of the radicactive fission product in
guestion. The net effect of the first two variables is to alter the
ratio of specific countable bete radiocactivity to that of specific
gamma radiosctivity between the verious fission products. This ratio
of beta to gamma rediocactivity in a mixture of fission products will
chenge also as e function of time slapsed after discharge from the
piles, due to the third verisble. Other factors which effect the beta-
to-gemma ratio in & mixture of fission products are the pile power
level, duration of irrediastiom, and the neutron capture creoss-gection
of the individusl fission-product isotopes. The latter varilables are
beyond the scope of this chapter.

Typical beta-emitting fission-product distribution ratics &are
given below for an extraction and five scrub stages. 137
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Extraction Scrub Stages
Stage 1 2 3 L p)

Distribution
Ratio, ES:

Gross Beota 0.001 0.035 0.047 0.057 0.076. 0.10
Ru 0.017 ©.03% 0.034 0.0L48 0.074 0,09

Oversll D. F. 215 607  1.3x103  3.1x103  5.5z103 10.9x103

Peed: (4 vol.) 1.3 E’Al(NOB)S, 0.05 M scid-deficient,
0.03 ﬂ UOQ(NO3)2-

Serub: (1 vol.) 1.3 M Al(NO3)3, 0.05 M acid-deficient.
Solvent: (10 vol.) Hexone. |

The change in gross beta distribution with the number of scrub stages
closely peresllels thet of Ru distribution. The low concentration of
uranyl nitrete (0.03 M), in the feed shown in the teble sbove, has no
significent effect on gross beta distribution due to the small effect
of urenyl nitrete upon Ru distribution. .

Beto-emitting flssion-product decontemination factors after head-
end treatment (Ru volatilizetlon end MnOp scavenging) plus first Pu
and first U cycles are included in Reference (121). :

4.3 Gross gommo
4.31 Effect of solting strength cnd acidity

The effect of Al(NO3) and HNO3 concentrction on total gamm?-
emitting fission-product a?atribution, ig shown in Figure IV-50,(129)
At an initial nitric acid concentretion of 0.2 M in the equeocus phase,
the gemmo-emitting fission-product distribution ratio, Eg, increeses
from 5:!:1('.)‘1'L to 3.5x10"%1 as the aqueous A1{NO3): concentrastion increeses
from 0.0 to 2.5 moles per liter.. With 1.25 ¢ 21(N03) in the agueous
phase the goamme-emitting fission-product distributidn ratio decreases
from 2.5x10-1 to 6.0x10’h as the Initial concentration of HNO, in the:
agqueous phese is decrecsed from 0,25 M acid to 0.1 M acid-deficient.
Under the conditions of the solvent-extrection runs, as given in Figure
1v-50, the distribution retio, EQ, levels off at high Al(NO3)3 con-
centrations and ct negotive free-acid concentrations.

Nitric zcid functions much more efficiently as 2 salting sgent
for fission products then it does for urenium; therefore, low acid
concentretions tend to result in improved deconteminstion.(129)
This effect 3 shown in Figure I¥-51 where the seporation factor (U
distribution ;atio/fission—product distribution ratio) is plotted
ageinst AL(NO3); concentration et various HNO3 concentrations.(137)
The effect of Ai(NO3)3 concentration on the decontemination factor,
however, veries in a menner different from that of the sepsration factor.
Under ecid-deficient flowsheet conditions (-0.2 M HN03 in the IAFS)
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the gamma D.F. incresses with sn increase in the A1(NC3)z concentration
up to sbout 1.4 M AL1(NO3)3 end then begius <o decrease. ~Under acid flow-
sheet conditions (0.2 M ENO3 in the IAFS) the gamme D.F. increases with
increasing Al(NO3)3 concentration only to gbout 1.0 M 41(NO3)3 before be-
ginning to decrease. The relationship between the decontemination factor

and the separation factor is given by the equation shown in Figure Iv-59.

Figure IV-52 is e nomograph relating the gemme-emitting fission-
product distribution ratio to AL(NO3)3 end HNO4 concentration.(135)

4.32 Effect of temperature

An increase in temperature decresses the gamma-emitiing fission-
product distribution ratio, Eg exponentially &t approximately the same
rate as it does for uranium.( é9) The gamma-emitting fission-product
distribution ratic decreases from 0.01% at 14%¢, to 0.005 at 57°C.
when the initiel aqueous composition is 1.25 M A1(NO3)3, 0.45 M HNO3,
0.02 M UO2(NO3)p, end 0.1 M NapCrpOy; the solvent is neutral hexone; and
the radicactive source, irradisted U233 aged 6 weeks.

The overall effect of decressing the uranium and fission-product
distribution ratios, EJ, by the same percentage is to increase the de-
contaminstion factor. This may be calculated for a single batch con-
tact by the equation given in Figure Iv-59.

4.4 Ruthenium

L.41 Chemical species of ruthenium in process solutions

Ruthenium is known to be present in Redox process solutiong in several
chemical species. These specie¢s have, however, been only partielly char-
scterized. In experiments st Hanford Worke specles of ruthenium heve
been differentleted according to their behavior in oxidation to RuQj, and
volatilization. In experiments at Osk Ridge National Leboratory species
of ruthenium have been differentiated on the basis of their behavior in
solvent-extraction., No firm correlation has been established between
the systems of specles distinguished by these two empirical metbods.

. Experiments at Henford Worke have shown et least three different
ruthenium species to exist in dissolver solution. The predominant
oxidation stdte is postulated to be Ru{IV). The weighted average
distribution ratio, EZ, for Ru in untrected digsolver solution under
14 Column feed point condition (ORNL Flowsheet) is about 0.008.(187)

The three ruthenium species are designeted Ay, Ap, end B. The distribu-
tion ratios for the various species together with their behavior with
respect to Ru volatilization cre given in Table IV-53A.

Four forms of Ru are postulated by ORNL on the basis of solvent-
extraction experiments with Ru tracer: RuA, RuB, RuC, and RuD. Dis-
tribution retios for these species under highly acid conditions together
with equilibrium constaents end reaction half-times between the various
forms ere presented in Table IV-53B.

RuD displays a distribution ratio which is most readily explained
by designating it as ruthenlum tetroxide, RuQh. The compound is known
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to be sufficiently stable to display & cheracteristic distribution.(27)
RuC is probably uncomplexed ruthenium in the b valence state exhibiting
& distribution retio, EP, of 1073 to 105 depending upon conditions. (34,

However, Rub or RuC ere not likely to encountered in the extraction
¢olumns of the Redox Plant becouse residusl smounts of Rull remaining in
the dissolver solution after the Ru volatilization step are likely to be
reduced by small quantitieﬁ of reducing metericls such os oxides of nitro-
gen or Cr*3 (1if not by Put ), end Ru(IV), due to its strong complef-§yrm-
ing characteristics is complexed by reagents such es nitrite ion.t2

RuA and RuB are thought by ORNL to be nitroso complexes of ruthenium,
and correlation of avaeileble data indicotes that RuB corresponds to the
Hanford Works' ruthenium specles B (see Table IV-53). Ruthenium species
B is present in 10-day old dissolver solution to the extent of ca. 5 per
cent of the total ruthenium ee shown in Teble IV-53A, It is & difficultly
volatilized form of Ru ond constitutes most of the ruthEnagg Yemaining in
dissolver solution after & 6-nour velatilizeticn et 95°¢C. 7 Under
acid-deficient flowsheet conditions the ruthenium species B distribution
ratlo, EY, for extroction is cbout 0.002. This vaelue is in approximate
agreement with the distribution rciio, ES, of about 0.001 given by KAPL
(113)for the nitroso conplex RuNO(N03)3 under acid-deficient flowsheet
conditions (sec Sub-subscetion 4.48)7 “Ruthenium distribution as a funcs
tion of nitric acid concentrction is gilven in Figure IV-54. :

ORNL's RuA, exhibiting o distribution ratio, ER, under acid flowsheet
conditions of sbout 7, is the ruthenium specles responsible for the poor
scrub distribution goefficients cherocteristicelly displayed by ruthenium.
As indicated in Toble IV-53, RuA is the dominent species present in the
hexone phose ofter several hours' contoct. The data indicote that the
serub distribution ratios, ES, will incresse with time until the equili-
brium concentretion of RuA is approached. This effect is verified in the
results of BW-18415(187) in which dete for the first and second scrub
steges indicete on increase in the distribution retio to vglue greater
than 1 in some coses, under acid-deficient flowsheet conditions. This
general increase in Ru distribution ratio in Buccessive scrub stages in-
dicates that the eliminotion of ruthenium at some point in the IA Column
feed preparstion process is highly disireble.

b.42 Effect of selting strength

Under certein conditicna, incressing the aluminum nitrete concentra-
tion from O to 2 M incresses the distribution ratio of Ru into hexone by
40-fold in the extraction section and 4-fold 1in the scrub section, as
shown in Figurc Iv-5k.(137)

.43 Bffect of nitric secid conecntration

The distribution rotio, EY, of Ru in the extrection section decreanses
es nmuch os 400-fold ns the HNO3 concentretion in an AL(NO;)<-salted system
is decreased from +0.2 M to -072 M. As shown also in Figiaré IV-5h, the
distribution retio, 8. of Ru in the scrub section decreuses by a factor
of 10 for e similor decrease in the HNO3 concentrction of the adueous
phese from +0.2 M to -0.2 M,
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4.44 Effect of urcnium ccncentrotion

The distribution retic of rutheniun is decrecased slightly {(not ex-
ceeding a factor of 3) in the IA scrub section by the presenc? of process
concentrations of urenyl nitrote (0.476 M) in the IAP stream. 133)

4 .45 Effect of minor components

Oxidation with 0.1 M NeagCrp07 at 95°C. for 2 hours incremses the dis~
tribution ratio, ES, of Ru tracer sbout 2-fold between & hexone phase and
an aqueous solution conteining 1 M Al{NO3)3 and 0.5 M HN03.(131) The
effect is nct due to a specific impurity ik the solvent, gince NaoCry
increases the distribution of Ru into dibutyl dellosolve and other sol-

vents as well.(95) .

The presence of ferrous sulfamate reduces the Ru distribution ratio,
Eg, by o factor of from 2 to 10 between 25 und 70°¢.(95) These effects
may be due to the cxidation-reduction behevior of the components nentioned
toward either Ru itself or toward a component such es nitrite ion.

Mesityl oxide in concentrations of frem 1.0 to 3.0 weight per cent
in the hexone phese slightly decreases the distribution ratic, Ef, of Ru
in simulate? %% Column extraction and scrub sections under acid flowsheet
conditions. 156)

4. 46 Effect of contect time

In the presence of 0.01 tc 0.3 M nmitric acid, the distribution
ratio, BS, of Ru slowly increoses with increasing time of contact of
the agueous and hexcne phases.(109) In a 0.2 M acid-deficient, system,
the distributicn ratioc, ES, for extraction remains smell f<10‘h) with
time of contact up to 7 doys, in either the presence or absence of
dichromate.(109) The distribution ratio of Ru in the scrub sections,
however, slowly increases os the number of scrub sections is increased
as previously indicated, thus exhibiting s slight effect due to contact
tine.

4.47 BEffect of tempersture -

At 60°C. the distribution ratic, Ey, for Ru is lower than the value
et 25°C. by & factor of sboyt 2 e the same reduction as that for the
uranium distribution ratio.(133) This effect results in an over-all
increage in the rutheniun decentamination of uraniun.

4.48 Distribution of the nitrosc complex, RuNO(NO3)n

The distribution ratio for ruthenium from on aqﬁeous soclution
conteining originelly 0.001 M innctive RuNO(NO03),,, 1 M Al(NO )3, ond
0.1 M Crp0-7, is gilven in the table below os & function of the initial

HNO; concentration in the aqueous phose.(113) The subscript n bas a
probable value of 3.
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| RuNO(NO3 )y,

Initial ENO Distribution Ratio, Finzl HNOp
Concentratidn in 5 G./L. Organic Concentration in Hexone
Aquecus Phoge, M G./L. Agueous Phose, M -

0.31 0.384 <1o*ﬁ

0.1 0.253 <:Zl.0"1+

0.01 0.087 <10-h

-0.2 0.0007 <10°

The hexone phasc in these deterninations was rre-equilibrated with
respect tc HNO;. The finel HNO concentration in the hexone phase was
maintained at & low value in order to elininate any source of error due
to this variable.

L.,5 Zirconium and nichium

4 .51 Chemistry

Most of the beta radioactivity associeted with urenium at the end
of the first solvent-extraction cycle is due to ruthenium, while Zr

and Nb ere responsible for a significent portion of the gamme radio-
activity.(137)

The forms of Zr and Nb in process solutions are not well understood
due to their extremely low concentretions (ca. 10 M in IAF) and ease
of colloid formetion, and because of thelr complexes with flueride,
sulfate, and other ions.(137} Tpe +4 oxidation state of Zr is the only
one encountered in the Redox process. The Zr +4 ion is stable only in
highly mcid solutions, hydrolyzing to Zr(OH)o* ot & pE ebove O.l.¥171)

L.52 Effect of head-end treatment

After the Ru voletilization gtep of the feed Preperation, Zr and Nbv
may be effectively removed (90 per cemt or more) by s scavenging process,

by centrifugation.(189) Countercurrent batch scavenging (3 contacts) of
HW dissolver solution by Super Filtrol slso results in the removal of
90 per cemt or more of both Zr and Nb.(195g The following data show the
effect of head-end Scavenging on Zr distribution and decontemination:
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Z7r Distribution Rastioc,
G./L. Organic

Head-Znd G./L. Aqueous Over-all

Treatment Fxtrection 1st, Scrub 2nd.Scrub _Zr D.F. Ref.

None 0.00018 - 0.012 0.15  1.6x107 HW-15754

None 0.00018 0.033 0.05  1.1x10° HW-16076
Three Contacts, 0.0022 0.007 0.19 2.7x107 HW-16076
Filtrol 20 g./1.;

D: F. = 584
(ORNL June, 1949 Flowsheet)
As the table sbove shows, Zr apparently becomes more hexone-extractable as

the number of scrub steges is increassed. This phenomenon, noted also with
ruthenium, makes the heed-end removal of Zr very desirable.

4.53 Effect of selting strength

.=?he Zr-No distribution ratic, ES. incresses from ¥x10-% to 0.16
as the concentration of Al&§03)3 incresses from 0.25 to 2.0 M, as 1llus-
trated in Figure Iv-55.(13 -

4 .54 Bffect of nitric acid concentration

A decrease in the agueous nitric acid concentretion from 0.9 M
acid to 0.1 M agid-deficient decreases the Zr-Nb digtribution retio, Eg,
from 2 to 1x10-% ss illustrated in Pigure 1v-55.(137) It is believed
that &t low mcidity the hydrolyzed zirconium salts are in the form of
non-extractable colloids. As the acidity increases, the proportion of
colloidal or otherwise aggregated zirconium ;g solutiﬁn decreeseg, and
in strongly acidic solutions, the Zr, a8.ZrQ <. or Zr 7, i8 extrecteble
into~the orgenic phase.\SD

h.Sﬁ‘Effect of minor components

. _“In the absence of dichromate, methyl isobutyl carbinel (MIBC)
'does not appear to have & merked effect on the distribution of Zr into
héxqﬁé.(90,1h8) In the presence of dichromeste, the z#-distribution ratio,
EQ, :increases directly with MIBC concentration under ecid flowsheet con-
ditions. The data below i1llustrate this phenomenon:
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Per Cent MIBC in Hexone Zr &f
0.01 {or less) 0.0083
0.10 - 0.0118
0.10 0.0114 .
0.20 0.0270
0.20 0.0278
0.25 ' : _ 0.0345.
0.25 0.0417
1.00 0.0526

Aquecus phase: 0.7 M HNO3, 0.1 M Crp07°, Zr trecer.
Organic phose: Shell hexone, specially purified,

Under ecld-deficient flowsheet conditions, Zr decontemination is not
sensitive to MIBC concentration,(99) Methyl isopropyl diketone and
mesityl oxide have no significant effect on Zr &istribution.(89)

L.6 Cerium

L.61 EBffect of oxidstion state

The distribution ratio, ES, for Cetl from & solution 1.2 M Al(NO )3
end 0.1 M HNO2 is cbout i, wherets the distribution retio of Cet3 is dn
the order of 0.5 to 0.001 depending upon comditicns.(11l) mme vigorous
oxidizing conditions of Ru volotilization, however, result in no ineresse
in the Ce distribution ratio.(179) .

k.62 Effect of selting strength

As with other Pission products, the Ce distribution ratio, Egﬁ in-
creases with Iincrecsing Al(N03)3 conccntration. Under acid flowsheet
conditions the Ce distribution rotic increases exponentially from Q.07
tc 0.4 as the AL(NO )3 concentration inecreases from 0.8 to 1.25 M, os
shown in Figure IV-B%G6~ ‘

4.63 Bffect of nitric acid concentrotion

The distribution of Cc ag a function of HNO conecentration is also
1llustrated in Pigure IV-56. With 1.2l M Al(NO3 3 in the agueous phese,
the distribution retio, B decreases slowly from 0.5 to 0.2 as the
initial concentration of HNO3 in the equeous phase decreases from 1.0
to0 0.2 M. The dlstribution Fatio then decreases very ropidly in the
region ofsﬁbicﬁiometrisalmwutra1ity to become 0.001 at 0.1 M scid-
deficient.(111) | -

L.64 Bffect of vranium concentration

The distribution ratio, Ef, of Ce from a nixture of A1(NO3)- and
UOQ(NO3)2 solting agents is nuch lower then that obtained with 21?N03)3
alone &t compareble ionic strengths. This result indicetes "back-gall-

Ing" of Ce into the aqueous phase by the urcnium extrected into the
hexone, {111 .
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L.65 Effect of dichromate

The addition of NagCrp07 to a solution containing cet3 tracer, 1.2 M
A1(NO3)3, and 0.15 M HNO3, causes the Ce distribution ratio, Ef, to rise
rapid%y and pass through a meximum st sbout 0.002 g.NaQCr207.(lll) The
data are plotted in Figure IV-57. Dichromate is more effective in pro-
moting the extraction of Ce than elther KMnOy or NeBiO3 despite the more
negative oxidation potentiels of these latter oxidents, hance the convic-
tion that the mechaniem of the extraction of cerium involves Cr 07 in a
role other then, or in sddition to, simple oxidation.(111)

L .66 Effect of cerium concentration

The addition of non-rediocactive cerium nitrate, Ce(NO3)3, reduces
the extraction of radicactive cerium tracer. Figure IV-58 illustrates
the effect for an extraction and scrub step. The data indicate that
almost complete exchenge tekes place between the Ce isotopes. The effect
is of process importance since IAF solutions, 2.0 M in UOQ(NO3)2, contain
10-* M or more of imactive celt0,{111) The comcentretion efféct con-
tinues into the tracer region. Thus by incrﬁasing the specific radio-

_ activity of m cerium solution from 102 to 10% cerium counts/min./mi., the
distribution retio, Ef, decreases by & fuctor of 2.

4.67 Effect of methyl isobutyl corbinol
The distribution of Ce is mot appreciably affected by MIBC.(111)

4.7 Other fission products

4.71 Cesium

Distribution retios, ES, for Cs under IA Column extraction section
conditions corresponding to the ANL (ecid) Flowsheet are given below: (1

Concentration of Concentration of Cs Distribution Ratio,

U0p(NO3) HNO ¢./L. Orgenic
in IAFS, ﬁ in IAFg, M G./L. Agueous

0 0.15 0.00132
0.5 0.15 0.00h4T
1.0 0.15 0.00891
1.0 0.4 0.00852

Aqueous phase: 0.65 M AL(NO3)3, 0.05 M NapCrp07, UO2(NO3)2
and HNOz es indicnted.

Organic phaese: Pretreated hexone, 05 M HN03.

~ Experiments show that the presence ~f 0.3 per cent methyl isocbutyl
carbino% ﬁg the hexone has no effect on the distribution ratio of
cesium. 1 )
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The distribution ratio, Ef, of La is on the order of 1073 to 10-%
from & solution 5 M in NENO, cnd 3 M EHNO-.(55) The cffect of AL(NO3)3
salting agent is not exPectea to be significantly different from thet
of NH}_;NO3 .

&
-

4,72 ranthanum

4.8 Fission-product distribution ratios vs. decontamination performence

4.81 Introduction

\\

Presented below is 2 bricf summary of representotive distribution
ratios for the individuel fission products under Redox Process conditions.
The relationship which exists between individual fission-product dis-
tribution ratios and decontemination foctors for a single batch contact
is indicated. (Sce Chapter V for performance in countercurrent devices,)
The relationship between individual fission-product decontamination
facters gnd over-all reguirced D. F.'s are trected in the form of
equotions and graphs, ocud, finally, decomtenmination is discussed as s
function of heod-end treatuent.

4.82 Distribution ratics

Representative distribution ratios of several fission products
and fission-product specics for the extiraction stege at the IA Column
feed plate sre os follows: {CRNL Juns, 19L9 Flowshcetf‘”'

Fission Product Species Distribution Ratio, ES
Total Ru@) 0.008
Ru 8pecics (D) 0,0018
Zr - Nb 0.00018
Ce G.001

(2} The fracticns of cach form of Ru in dissolver solution
and the change of forms with nging are presented in
Table IV-53,

(b) Ru species B (Honferd nonenclature) comprises the bulk
c¢f the rutheniur remaining efter the RuQy volotilization
procedure., '

Rutheniun and zirconiw show increascd extractability into the hex-
one phase upon successive scrubbings. Under conditions of the ORNL
June, 1949 Flowsheet the distribution ratios, EY, for "unstrippable”

Ru and Zr in the second secrub stage of the IA Column are on the order

of 0.5 and 0.15, respectively., Rutheniun and zirconium, therefore, will
follow the orgenic strecu, leaching cut along the way, and are the
fission products which limit the otteinable D. P.'s in the Redox process.

4.83 Singlec bateh D. ¥.

The fission-product decontaenination factor effected in a U or Pu
strean is depondent upom (2) fission-product distribution ratio, (b)
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U or Pu distribution ratio, snd (c) the relative orgenic-aquecus fiow
rotes. Assuming immiscidle phases ond no volume changes, the decontan-
inetion fmstor achieved by o single batch contect is plotted as &
function of fission-product distribution retioc in Pigure IV-53. In-

. eluded are several U or Pu distribution rotio perameters at constant
flov ratio, and one peremcter showing the effect of sltering the flow
ratio st constent U or Pu distribution ratio. At e constant U or Pu
distribution ratic, Eg, of 1.0 snd an organic-agueous volume ratio of
2, Pigure IV-59 shows that decrecsing the Pission-product distribution
retio from 0.0l to 0.001 increases the single batch decontemination
frotor from 3% to 3k0. Likewise, increasing the U or Fu distribution
‘ratlo, Eg, or decreaping the orgenic-to-aquecus volume ratio is shown
"to incresse decontemination. A more extended coverage of these factors
as regerds decontemination performence in countercurrent solvent-ex-
traction devices is given in Chupter V.

k.8b4 Individual and over-all D, F.'s

The over-21l D. F.'s for U and Pu reguired of the Redox process
y dependent upon the irradisticn blstory of the ursnium. Assuming
\360_g. Pujton U\end a 99 dny "coaling" pericd, the gross gamma D. F.
Fequired for Pu is 5x10° ond the gross bete D. F. required is 1x107,
The gross gemua and gross bete D. F.'s reguired for uranium are tenta-
tively set at 2.3x10° end 1.5x106, respectively. 1931)'r _

Correlation of individual fission-product decontamination factors
with the over-all decontemination of o finel urenium or plutonium
streem mey be obtained frop the following equation.(115) The decon-
temination factor is defined os the rotio of the initiel concentration
of fifsion products per unit weight of product to the final concentration
on the socme basis:

Ioe
oy
D. ¥, = 1 = -.orlc--uooacooocoo(l)
D .- 4
1% ~17Ef.0n

where D. F. = over-anll decontemination factor;

¢, = concentretion of fission product of species n

per unit weight of product;
1 and p = initial and product streams, respectively;
X, = fraction of redicactivity due to species n in

initial fecd streom;

(d.f.)n = individual fissicn-product decontamnination
facter of species 1.

The equation above may be expended to read:
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1‘ . -..«..-(2)
e T
(a.f.)2 (d.f.)3 (d.f.)n

X
. Xe

(d.f.)l-

where 1,2, and 3 refer to Ru, Zr.+ Nb, and Ce, recspectively. The sum-
metion term in Equetion (2) refers to all other fission products present
in untreated dissclver solution. The discussion which follows assumes
that the fraction of the total initial redicactivity of thesc reroining
individual species is so snell and the Iindividual decontamination foctor
50 large in the Redox Process thet the sunmation term is negligible in
comperison to the first three terms in the denominator of Bguotion (2).
The equation tlien reduces to :

l L]
Xl Xs X3

+ +
(a.£.)1  (a.r.)2 (d.f.)3
The relaticnship between beta decontaminetion fectors ﬁmy be plotted
from Equation (3) with the use of the following everage experimental deta
on IAF bete redistion spectra:(115)

Fractional Bets Rodiocamctivity of IAF

Zy (Ru) X, (Zr + Np) X3(Ce)

0.057 0.089 0.50

Two cases will be considered. Case I (for Pu) will assuce thaet the
over-cll beta D. F. requircd for Pu is 107. The relaticnships are
pletted in Figure IV-60 with verious possible Ce decontamination faotors
28 parameters. Cose IT (for U) will essume thet the term X3/(d.f.)3
for Ce is negligible in comparison with the remzining twe térms in the
denominator of Equation (3); i.e.. Ce decontemination is adequate. The
relationships cre plotted in Figure IV-61 with various over-all uranium
D. F.'s as parameters.

The nee of these sinple plots 1s illustreted by the following ex-
ample. If the over-nll bete D. F. for U is required to be 1x10 and the
experigental bets decontemination factors from Ru and Zr 4+ Nb aye 104
and 107, respectively, Figure IV-61 shows that the Ru decontamination
foctor must be inmproved by & fzctor of about 6 in order to mect the re-
quired uronium purity. In cddition, the plot shows that little or no
improvement in uranium purity will be achieved by increasing the Zr + Nb
beta decontanmination factor above 106,

A similar set of plots may be constructed for garea rediastion de-

contanination factors from o knowledge of the fractionsl ganma radiation
spectra of IAF soluticns.
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% .85 Effect of head-end treatient

The improvenent in decontominatici nbiained by the velotilization of
Ru from the dissclvcr soluticn, followed by Zr ond o scnvenging,may uake
the eliminotion of third sclvent-gxiraction cycles for uraniun and
plutonium possible. A summary of S5.P.R.U. run dnts{121) indicotes thet
czonolysis, nitrogen sperging,or stcco sporging of permangaencte-oxidized
aissolver solution, followed by MnOp scavenging. sre equally beneficial
tc totel betas and gomw decontiminetion. Laborotory results at Hanford
hove shown thaet Ru decontamination fectors of 20 or more should be consis-
tently obtained by ony of the cbove volatilization procedures. Additionel
geme D. F.'s of 20 are obteined by 7r + Nb scavenging using either Super
Filtrol or co-formed MnOp. When MnOp is used as the scavenging agent a
peta decontamination factor of the order of 2 is consistently encountered
in scovenging due to Ru and/for Ce removal,(120)

5. Nitric Acid

5.1 Iatroduction

Nitric acid is prescnt in varying amounts in both organic cnd scgueous
pheses throughout the procoess. I+s adistrivution between the twe phases is
highly dependent upon the concentrations of Al(NO )2 and UOp(NOq),, as well
ag the concentrotion of the acid itself. For a d%séussion of the ruole of
aitric acid in the Redox process, see Secticn A.

5.2 Effect of salting agent

The effect of incressing aluminum nitrate concentration in the
aqueous phase, at fixcd nitric acid and ursnyl nitrate concentrations
is illustrated by curves 2, 4, ond 8 of Figure IV-62. In genercl, en
inerease in sluminun nitrate concentrotion incresses the distribution
ratio of mitric acid in the organic phasci e.g., ot 0.5 M U02(N03)2;
increasing the AL(NO3)3 concentrotion from 0.5 M to 1.0 M increases the
HNO3 B from 0.5 to 8.3.(19”) ‘

5.3 Effect of nitric ecid concentration

Tn the absence of uronyl nitrate, the distribution ratio, Eg, of
nitric acid incresnses linesrly os the nitric acid concantration in
the equeous phase increases (curves 2, %, and 8 of Figure IV-62).

The concentration of nitric acid in hexone which i1s in contact

with an acid-deficjent,solution of aluminun nitrate moy be calculated
from the equation: )

1081 {ENO3) oy, = -0.74 + 0.4 1ogyp(AL(NO3)3)4q.-0-92 PHyg.,
where concentrations ure in nclarities. The equation is valid over o

range of Al(NO3)3 concentrations from 1.0 to 1.5 M cnd z pH range from
0.6 1o 2.0. '
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When uranyl nitratc is Present in the aquecus Phose, the distribution
ratic, ES, of nitric seid decreases with increesing nitric acid concen-
tration in the cquecus phése (curves 1.3,5,6, snd 7 of Figure Iv-62), at
& rate which varies fopr different solt conbinations,

5.4 Effcet of urenium concentrotion

Increasing uranyl nitrote concentration in the aqueous phase increases
the distridvution ¢f the nitrie acid into the organic phose, as shown by
curves 1, 2, 3, and 5 of Figure IV-62. At 0.0 M A1(NO )3,¢an increase in
uraniun concentration in the equeous phase from 0.5 Mtol.0 M incresses
the distribution ratio from 0.2 to 0.33.

5.5 Effect of tenpersture

An increese in tempersture fron 0°C. to 60°C. decreases the distri-
bution ratic, EY, of nitric acld frem 0.085 to 0.058 &g shown in Figure
IV-63. The relationship botween distribution coefficient and temperature
is approximetely linear in +this tenpereture ronge.(15

6. Others

6.1 Sulfemic acid

The distribution ratio, Eg, for sulfemic acld is given in the follow-
ing teble es & function of the concentration of the salting agent:(10%)

Distribution Ratio of

: G./L. Organic
Salting Agent Sulfamic Acid, G./L., Aqueous

1.0 M A1(NO3)3 ' 0.0023
1.5 M AL(N03)3 0.0037
8.0 ¥ wH,NO3 0.0020

Aqueous phsse: 0.3 M HNO3, 0.2 M KHo803H.
Orgenic phase: Pretreatéd'hexnne,O.S M HNO3.

6.2 Ferrous sulfamate

The diegtribution ratio, E§., of ferroug sulfemate is about 2x10-4
between hexone and an agueaus phege containing 1.3 M Al(N03)3, -0.05 M
HNO3, and 0.0k M Fe(NFzS03)p. There 1s eviderce that 0.01"M U0a(NO3) 2
in %he 8Queous phase increases this velye about three-fold.r137?

6.3 Chromium

Chromium, es Cr(III), has an extremely smell distribution ratio, §,
which appesrs to be elmost independent of chromium concentration and selt-
ing strength in the squeous phese. The highest Eg value probably does
not exceed 3x10-% where pretreeted hexone ig employed. The presence of
Tgf?y%légybutyl carbinol in the hexone, however, may increage this to
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In the hexavalent stete, i.e., in the form of Crp0y , chromium is
guite extractable into the hexone phase. The distribution ratio, E,
of this ioh increeses with the acid concentration in the agueous phase
as shown in the following table:{102)

Distribution Ratio of

= G./L. Organic
pH | Cr207 G./L. Agueous
0.17 0.170
0.h2 0.083
0.77 0.080
1.70 0.011
2.61 0.0058
8.50 0.0001

The distribution ratio for cr{VI) appeers to be little affected by
either selting agent concentration or length of contact time.

6.4 Iren

The distribution ratio of iron is dependent upon the oxidation
state, From an agueous phese containing 8 M NH,NO and 0.2 M HNO, the
distribution retio, Eg, of ferric ion is less than” 5x10~~, as con red
to 4x10-3 for ferrous iom.

6.5 Aluminum

Equal volumes of 1.3 ElAl(NO )3 and hekone were eguilibrated and
analyzed. Theé orgenic phase was %ound to contain 1.1 mg. Al(NO3) per
liter Tge distribution ratio cslculated from this datum is abou%
2310-6_(1 1)

6.6 Sodium

The distribution ratio, EY, of sodium is about 2x10-2 in the
following system:(209)

3 M AL(NO3)3, 0.05 M Fe(NEy)280y, 0.1 M ESO3NHp,

Aqueous: 1.3 M
0.2 M NaNO3 -~ corresponding to 2DS.

Orgenic: 0.476 M UOp(NO3)z, 0.017 M HNO3 in vater-saturated
hexone -- corresponding to 2DU.

Volume ratio; 2DS:2DU: :1:k.2,
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EFFECT OF L./V RATIO ON

STAGE REQUIREMENTS FOR EXTRACTION
(TRANSFER FROM AQUEOUS TO HEXONE PHASE)

/xf- Concentration of solute in aq

LEGEND:

L = Weight of solute-free agqueous
phase per unit time

V = Veight of solute-free hemone
phase per unit time

feed streeam
Xy« Concentration of solute in aq

vaste stream

NOTES ¢
Equation for operating lines is:

L L
T=F - e,

assuming nc solute in entering hexone.

Operating lines represent different
phase ratios for reducing the agueous
solute concentration from Ip to Xy.
Dashed lines indicate the step-off of
extraction stages required: 31.% stages
for the higher ajueous to organic ra-
tio, 1.8 stages for the alternmative

operating line,

G. SOLUTE

X
' 6. AQUEOUS PHASE (SOLUTE -FREE BASIS)
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HW -18700

o EwL e
"V {ketd=Dafiotent JHytrid)

June, Loag Flowshest
Flovabheet Ro. &
IAF, Aqueous:
Relative “low rate 100 100 100
Density, g./ml, 1.6% 1.6 1.68
D0p(M03)0 AMa0, N 2.0 2.0 2.0
3, B 5 -0.2 -0,2
AL(0975. 9800, ¥ - - -
NapCra07.7 Ho0, M 0.1 0.1 0.1
NaNOy, N [res 0.38 0.38
IAE, Aqueous:
Relative flow rety 100 100 100
Density, g./ul, 1.190 1.3 1.28
Emo3, K ——. - 0.2 -0.2
AL(KO7)q. 5020, M 1.3 2.0 1.8
NaoCro07. 280, N . 0. c.a
NaNO3, M - 0.7 0.2
IAX, Hexons:
Ralative flow rate LT 4] 400 L)
Density, o./ml, 0.819 0.8 0.8
N3, M 0.5 <0.m 0.2
IAW, Agqusous:
Relative rlow rete 178 180 180
Density, g./ml, 1.1k 1.18 1,18
Uranium, % of IAF 0.1 0.1 0.2
Plutonium, T of TAF 0,1 0.1 0.2
ENO3, M 0.8 -0.3 0.18
AL(N0YT3.9Hp0, N 0.73 1.08 0.98
NaoCrp07. 20, W 0.6 0,06 0.5
NaNO3, M - 0.11 0.3

IAP-1BF, Haxone.

Ralative flow ruts W20 20 k20
Density, g./ul, 0.97¢ 0.97 0.97
Urantum, % or Iar 9.9 9.9 9.8
Plutonium, % of [AF 9.9 95.9 99.8
Uop( X071 ) .6B20, N 0.476 0.k76 076
HNO3, M 0.21 c.m 0.7
IBS, Hexons:
HRelative flow rats 200 200 200
Denaity, z./ml. 0.800 0.80 0.80
HNO3, M o.a <o.u 0.0
InX, Aqueous:
Ralativs flow rete L1+ b0 LY: ]
Density, g./ml. 1.197 1.2 r.21
moy, N e 0.8 0.8
Al(%)ﬂj.ﬂeo, N 1.28 1.3 1.3
e+, K 0.0% 0.05 0.05
N80, M 0.10 0.10 0.10
IBF, Aquecus:
Relative riow rate bO M k0.4 ML
Deraity, g./ml. 1.193 1.1% 1.19
Uranius, : of IAF 2.9 x 10°% 2.3 x 10°3 2,3 21077
Plutonium, ¥ of IAP 99,8 9.8 9.6
03, M 0.m - 0.0%1
A1L30373.5le°» ] 1.e77 1.297 1.297
Fe*t, N 0.08 0.0% 0.0
Wo30%, M 0.10 0.10 0.10
TBU-ICF, Haxonae:
Relative flow rete 00 620 620
Density, g./ul. 0.m56 .51 o.%n
Uranium, % of IAP 9.9 %.9 9.8
Plutonium, % of IAF 0.1 0.1 0,2
DOR( W03 )a . 6HR0, M 0.323 0,323 0.323
03, # 0,105 0,0 0.0
ICX, Agueocus:
Ralative flov rate 200 200 200
Density, g./ul. 1,000 1,00 1.00
w3, N 0.1 6.1 O to 0.0b
ICW, Nazome
Relative flow rate 588 380 380
Demaity, g./ul. 9.800 0.80 0.80
Urantum, : of IAF [ X. § 0. o.n
Plutonimm, % of IAY —-—n —-— - -——
X053, M o.a - -
ICU, Aqueesus
ﬁauun flew rate b5 ] 2k 280
Denstty, g./ul, 1.19¢ 1.0% 1.93
Uraaium, ; of IAF 9.9 9.9 ».7"
nu(um):, % or ;M‘ ' [ B g.é” g.;a s
6Bg0, 0.07 . ,
o5y, & 0 o

"Also kmown ag OREL Be, 1 Flowshewt.
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TABLE TV- 3
PRYSICAL PROPERTIES OF EEIONE

PROPERTY
Yormula *CHy-CH(CN3)n;  CgHyp0
Nomsnclature ¥1-2-pentancne; methyl isobutyl ketone; hexone
Molecular Weight 100,16
Vapor Pressure, o'c. h.h2  am. Hg.

3o0*C. 26.19 mm. Rg

100°C. 468,3 mm. Fg

115.89%¢c, 760.0 m, Hg

Boiling Point

Change of Boiling Foint with Pressurs

Freezing Foint

Nl

103109_ = 23,6078 - 21?.1; - 5,2566 log) ;T

(T = t%°C. + 273.15)

115.9%C., at 760 wm, Hg

(For a list of reported values see FKAPL-8)

at/ap = 0.046°C, fm. Mg
-80.26%c,

Density, o*c. 0.8186 g./cu. om.
20%c. 0.8004 g, /cu, cm,
30%c, 0.7912 g./ou, com,

Change in Dom:lty"-.vith Temperature

Cubiocal Coefficient of Expansion

d% = 0.8186 - 9,00 x 10-%¢ - 4.5 x 10-T +2

d = density (g./cu. em.)
t = temperature (°C.)

0.00118/%c., 20°c. to 30°C.

Index of Refrection, na® 1.3958
Burface Tension, 25°C, 25.4 dynea/cm.
Parachor 276.5
Dislectric Constant 13.11

Specific Conductance

L.71 x 108 mhos fem.

Viscosity, 0°c. 0.769 centipoises
20°C. 0.585 centipoises
25°c, 0.546 centipoises
30%, 0.522 centipoises

Latent Heat of Vaporization

86.5 col./x.

Specific Heat, 20°¢c, 0.459 cal,/g.
Heat of Combustion 8910 cal. /g,
Flash Point, Tag Open Cup B1°r.

Tag Clesed Cup 50°r,
Ignition Temperaturs Lkos*c,
Limits of Flamability in Air, Uppergilil 100°C.
(Per Conmt by Volume) 0 t 50°C.

e = "

Ses 8C-48-1 for optiocal Properties such as infrered and ultraviolet absorption and X-ray and

Raman speotra,
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FIGURE IV —- 4.
MUTUAL SOLUBILITIES OF HEXONE AND WATER

SOURCE OF DATA: HwW-985|
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e, L n D __..

Yapor Liquid Composition, Vapor Composition, Relative Volatility
Temperature, % _Bexone _ % Hexone (Nexone to Vater)
*c. we.t Mole % wt.% Mole % Water Hazone
Iayer Iayer
97.% 0.201 0.036 3k.1 8.52 28 -
9k.1 0.685 0.119 62,0 22,7 21_;5 -—-
”.a o-&l 0.1&5 69.2 28.3 2 -
87.9 1,08 0.196 5.6 35.8 28% ———
87.9 k.00 0. Thi .6 35.8 28k 0.0669
87.9 95.0 TT . ™.6 35.8 28k 0.0659
87.9 97.9 89.3 75.6 35.8 .ne 0.0669
90-0 ”-h 91- 76-5 9 habadd 000537
93.5 99.0 ok.T 7.7 38.6 ~a- 0.03%2
m.s ”a& ”-0 39.3 61 .3 - 0-0160
110.h 99.05 9.2 92.0 67.4 -—— 0.0167
1Lik.0 99.88 99.3 98.0 89.7 ——— 0.0614
TABIE IV-E
- AZROTROPE DATA
EEIONE-WATER SYBTEM
PRESSURE - TEMFERATURE - VAPCR COMPOSTPION
M
Pressure, Ma. Hg Temperature, °C. Wt. % Hexone

27 19.8 81.2

27 20.h 81.1

55 25.9 81.0

Lo 26.9 81.1

& 38.% 79.3

102 -= 80.4

108 k2.3 79.6

110 k2.8 g.?

111 k2.9 .1

197 55.1 79.6

207 56.0 78.5

382 7003 77-7

38k 70.4 - T7.9

52 87.5 T5.9

T2 871.5 6.1

2 87,5 6.7

760 87.93 ™.7

logyo P (H;0) = 8.79k2 . 5233_1
P = partial pressure in mm. Hg. T = temperature in degrees Kelvin,
latent Heat of Vaporization: 9500 oml./g. of azeotrope (celculated).

4
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: DECLASSIFIED HW-18700

EQUIVALENT CONDUCTANCE OF
UO2(NOzlo AND HNO3z IN HEXONE AT 25° C.

SOURCE OF DATA: UNPUBLISHED WORK OF
CHEMICAL RESEARCH SECTION

H2O present in less than saturation quantities

20 ' 020
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- 10 \ \ I 0.10 S
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2 s A 'J% : L 005 3
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o 0.l 0.2 03
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FIGURE W -7
SPECIFIC HEATS OF SOLUTIONS IN HE XONE

SOURCE OF DATA: HW-11841
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SOLUBILITIES IN THE SYSTEM HEXONE- HN03-I-L2_O
AT 25°C.
SOURGCE OF DATA: CC-2394

In the portion of the dimzram below the ssturation
curve the mixture separates into two 11guid phases. The
two pointes of contact between a tie line and the satur-
ation curve indicate the compositions of two phases

in equilibrium,

20

/NN NN\
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2 (AVAVA L VAVAV AV AN YV

80 lf/AVAVAVAVAVAVAVAVAVQ‘_'AVA'ZA'IZ'A 20
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FIGURE I¥ -9

DENSITY OF SOLUTIONS OF HNO3
IN HEXONE AT 25°C.

SOURCE OF DATA: CC-2394

.2

1.0

" Density, G./MI.

009 ,j
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0.7
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FIGURE I¥-10

TEMPERATURE —COMPOSITION PHASE DIAGRAM
SYSTEM: AI(NO3)3—HNO3—Ho0
SOURCE OF DATA: SEIDELL, PP. 91-93
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FIGURE Tw-||
SOLUBILITY OF Aﬂl lo_g)g IN NI ITRIC ACID

SOURCE OF DATA: SEIDELL, p, 92
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FIGURE TV-|2

—2URE V-2
FREEZING POINTS AND SOLUBILITY
COMPOSITE AQUEOUS WASTES

asidissvio3da

40 ' SQURCE oOF DATA: HW-20366 _ A "
! ) J_ﬁ___m‘_ I T /7&_6/___
' Moke -Up Composition Ratios O HW-4 Neutrolized |4 !
*Veighf % on a Water-Free Basis A HW-4 . L / 1 | -
|| | ORNL HWwW-4 |__[J ORNL Neutralized %4 7_ .
ANOz3 9507 go.71 |_ IO ORNL |/ N
20:1 NqN03 2.4¢6 6.63 : * Neutralized with 50 %
. NaOH 130 — L 1 |__NoOH 10 a pH of 13
o — HNO3 —  iea br higher B
°. j NapS04 17 o2 [T L LT T 1/%
. @ ) [ ] l ] -1 [
‘ 5 —L - r —t 1 — B mma® | —
5 O B 1
T A A
. f Te— — - -— — - — "
- ’ ] AN ) 1 ] : S
| ™ = NN N
I = . The dotted lines connect
\ T , the Compositions o the
J A B B S ) W) solutions on the rish
” N S A || V| L] | 1 (acid) yitp their comtapa
parts on thye left aftep
— 1 peutralizing ith caustin
% 05 10 15 20 25 30

Concentration of Al'** Moles/Liter
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AQUEQUS ALUMIN

FIGURE Iv-13

Ly

ION_CONVERSION CURVES

A |

HW -18700

E SOLUTIONS

DENSITY AND CONCENTR

Weight Percent

80

SOURCE OF DATa: CHEMICAL RUBBER HANDBOOK, P, 1653 (1947)

Grams AlN Oy3:9 HoO/Liter

200 300 400

Moles /Liter

20

10

0.2

Density a8 ¢, p,
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+ 01098 M

Wa.cr0,

Streams to vhich Statistica] »

Solutiom o APplicatbls A B [ D Srror, ']
Aqueous Iar, omr, ay 1,001 02,3177 0,0300, 2.15%3 0.503p
(Mexone-Free) IAS, omg, 3ng

IBX, s,

s
Aquecus U, omy, Iy 9B 0,316 0.0298  0.1600 0.0026
(Huum--‘iot‘d.) 1AW, W, 3w

AW, AW, P

q w dengity in g.ﬁu.-.

(n) TBORRATURE CORFY IC IXWTS TR THE DENSITY O _REDhMX SOLUT 10NS
—— T CURY] ——

Aqueous Solutisne gt 1.012% 2% 4 o, n001kg o

(Haxone-Free ) =0.000500 t aps . 0.0036
Aquecus Solutions 4t L0123 don 4 5,000140 ¢
{Huon--&tunhd) ~7.000491 ¢ dpn | 0.,0040

4 = demaity 4 & /oe.om.; ta tempereturs 1 °c,

)7- viscoaity 1n aillipoises

Solution A B c D ‘3 4 g r f®) 5w
Aqueous Q.27 0.2k26 0.01003 0.2660 0,47s4 0.0% 0,008 =0.0023  .0,047 0,040
(Eexone-Free) - .

Aqueous 0,969 0.24Y 0,164 0.266 0.0507  §,0kos 0.0077 o 0,047 0.0h0

(loxom-ﬂ-t'd)

(a)  Other constituents (1),

™Cro0,, 0,13 N
' llpCrpo,’,
Fa(30 ) 0.P9 M
s Fe(soym,).,
N0, [0.025 4 0,030 y + 7.015 M *O00B K £ 0.005] y
AL(NO, )5 vo,(o,),, ™o,

%) ror Soid-defioignt SYRms, G and B ape Toplaced by I apg Jy respectively,

(D} ngg! COEFF ICTEwTSs o VIiscosIry FOR REDOX 30LOTTONS
W El i MR TR + ho,7 y2

" » -4l M + 832 w2
mpﬂ'oj)p Uogfloa)? Al(loj}s Al(lﬁa)j

+ 870N M = 3N
Ua(W0q),, AL(NO3) "n03

7« viscomity 1n mllipoises, T = tewperatury 13 5.

30

Note:
1, Cam-atﬂtiou limits ip

- solut,
LR T i

2, Conosctrwtiog limits in hexons -setiuruted solutions

e m amy

* 80% of the STperimntel waluss fall vigngp s L Dm

htlnlml‘
Error, o~
—_—tr
.00k

a.007
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FIGURE I -7

PH OF ALUMINUM NITRATE SOLUTION

SOURCE OF DATA! ORNL-24
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FIGURE X -9
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EVAPORATION OF SIMJIATED Iaw(140)

ANL June,1948 (Acid) Flowsheot

Composition of Feed: 0.63 M Al(N03)3, 0.63 M HNO3

Vapor  _ Overhend Regidue Cumilative
Temper- * Volimo HNO3, Volume % C%lgosition, M % of HNO
Cut No. ature, - of M of Charge A3l NC)3 3 H:N03 Vaporizeé
°C. __ Charge
Charge e - 100,0 0.63 0.63 0
1 99.5 C-25.0 0.01 75.0 0.84 0.83 2
2 12,8  25,0-50.0 0.0k 50.0 1.26 1,23 3
3 103.3 50.0-52.6 0,08 7.4 1.33 1.29 3
L 104,0 72.6-55.0 0,11 us.ow?. .40 1.35 3
2 105 5500575 015 hos 148 1.0 5
6 105.0 57.5+60.0 0,20 0.0 57 1.50 5
7 105,.6 60.0-52,5 - 0.27 37.5 1,68 1.58 6
8 106,7 62,5-65,3 0.39 3k, 7 1.81 1.68 8
9 107.8 65.3-67.5 0,56 32,5 1.9% 1.75 9
10 108.9 67.5-70.0 0.76 30.0 2.10 1.84 13
11 110.5 70.0-72,5 1.12 27.5 2.29 1.90 17
1 111.6 12.5-75,0 1,61 25.0 2.5 1.93 24
13 112.9 T5.0-T7.7  2.40 22.3 2.8 1.88 33
1k 113.9 77.7-80.1  3.28 19.9 3.16 1.70 54
15 115.0 80.1-82.5 I, o8 17.5 3.60 1.33 64
16 117.9 82.5-87.% 5.74 12.6 5,00 - -
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Specific Heat, Calories/Gram Solution/°C.

FIGURE TV -2
SPECIFIC HEATS OF AQUEOUS PROCESS SOLUTIONS
SOURCE OF DATA. AINOz)3 AND UOo(NOx)o—CHEMICAL RESEARCH SECTION

UNPUBLISHED REPORT; HNO3—I.C.T.
Molarity AI{NO3)3 or UO,INO1),

'R 0.2 0.4 06 08 1.0 1.2 1.4 1.6 1.8 20
|
- m
EJ\ %
Al . N
e
.
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i B N - - 3 [ J
| . - i
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- ) M 4.3 1
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TARIE IV-29

ILITY OF HEXONE

L 166
U0, (03, -A1 (N0, ) 5 ~HNO,-E,0  Systms (166)

Weight % Hexone = S + fl(t)&l(NO?))S + fe(t)%og'(N03)2 + f3(t)ﬂﬂﬂo3 -

Temperature, 84 £5(t) fo(t) f3(t)
°g, .
0 2,92 0,990 -0.751 +0.499
10 2.38 -1, 306 -0,551 +0.40p
20 2.01 ~0.577 -0.h11 +0,332
25 1.87 ~0.626 -0,356 +0.30k
30 1.75 ~0,556 -0,311 +0,281
ko 1.50 - -0.528 g -0.218 +0.246
50 [ 1.;: -0.495 J‘l |-O.210 +0.222
60 . 1.0 ~0.485 -0,195 +0.207
70 © 153 -0.495 J ~0.203 +0.201
80 . 1.6 o oh sk -0,227 +0,202
90 1.53 ~-0.568 -0,272 +0.210
100 2,05 -0.630 ~0.333 +0.233
110 2.33 -0.713 -0.h15 +0,244
120 2.7 -0.812 -0.513 +0,269
130 3.08 -0.931 -0.632 +0.302
+ & °C.

M = Molarity of the species indicated by subscript position.
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FIGURE I —23,
BOILING POINTS A* iEZING POINTS

UO2(NO3)o—H20 SYSTEM

SOURCE OF DATA: CL-697, ILC, 4

160
140
|
{ !
120 I
U®2(NQ3)
100 ‘ p
Loy
BN i
. - —
o — ; '. +
. 80— HL -
4 —t ’ -
2 -
o ' |
- N i
® T t o
$ ol Ll
- I
| || FREEZING POIN]
40 ’ |
T oo
20 — } }
|
i T
N L. .
L i
— —
0 I
N S - ; 1
) i i i ! JL
‘ I 1 T
_20 N J 1 r 1
0 20 40 60 80 100

Weight Percent

DECLASSIFIED




DECLASGRED OISO

DECLASSIFIED



FIGURE I — 24
FREEZING POINTS AND SOLUBILITY

UO5(NO3)o~HNOz—H,0 SYSTEMS
SOURCE OF DATA: HW—8309

0311581930
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HW-18700

TARLE IV-2
TABORATORY COUNTEACURRENT ¥ EQUILIBRATIONS
A. Redox IA Column(Z)
CRNL
Ju.ne, lQh?b) June, ].9&? ) HW No. kb @)
Stoge Flowshes.t Flowsheet Flowshoet
Scrub Section
1 1,2688 1.3036 1.2651
2 1.2765 1.3036 1.2918
3 1.2831 1.3037 1.2924
N 1.2626 1,2918 1.2924
Extraction sechion
5 1.3361 1.3020 1.3191
6 - . l.esok 1.2432 1.2540
T ) 1eeoe T 1212k 1.2259
8 1.1874 Cf 01,2003 1.2083
= 1.1708 . l,}893 1.1974
10\ 1.1538 1 1.1856
1,1471 1.X757 1.1761
12 1.1398 -1,1713 1.1739
13 1.1k1k 1.1705 1.1726
14 1.1340 1,1665 1.1720
15 1.1375 1,1728 -~ - -
i4 1,1357 ' 1.1680 - - -
B. Redox IC Colurm(®)
ANL
June 19148
Stage Flowsheet(€)
1 1.008
2 1.070
3 1,192
b 1.289

(n) Densities are given in g,/ml. IA and IC Column entering streom
compositions are gilven in Teble IV-2 for the respective flow-
,sheets, The complete flowshcets are presented im Chepter I,

{b) Source of date: HW~10596(150),

(¢) Source of data: HW—15209(175).

(@) Source of data: Hw-lh98h(173). DECLASSIFIED
{e) Source of da 88),
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FIGURE I¥ -26 -
BOILING POTNT AND IENSTITY

H,0-U05(NO3 ) o-HNO; STSTEMS

(Data from C1-697 IIc, &)
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HW-I8700

pH AT 25°C. OF AQUEOUS SOLUTIONS OF
UOxNOg)o, HNOz (NaOH), AND AI(NOz)3

SOURCE OF DATA: HW-14559

AINOz)3 Molarity: @~ 0.0M, A O.5M, ¥-0825M, B-1.0M,
INTS SHOWN ARE FOR
S-1.3M, & 1.5M, 0'2-°M-(rgeﬁrﬁrlc£lo~ oNLY )

4.0 — 4.0 l
«ra F—4 —4 T ._-‘»7“7
3.041< ' I 3.0 HEH LT ELES
P - _ ] 4
20PN 2.0 <
pH \‘ ‘\\ N - pH o \\
- < \.\ N by \\\._
1.0 e 3 1.0 T - b
- b & [y -
"N..\\
F NS ET T H_ﬁm
0.0 _ Tt ‘ 00 - SisqunENE
-l -10
%.o 05 10 15 20 00 05 1.0 15 2.0
1.0 1.0
oe’ EEEENEE 0 3J
05 T 0.5
LSRR _
0.0 _ . 00 ~q <
Py . ) | - I~
pH - pH ~NL s N j
-05 e » SHE -0.5 ~ g4
- N E3 R
-1.0 I -1.0 1 1
0.0 05 1.0 15 20 00 05 1.0 15 20

Molarity UO(NO3),
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SOURCE OF DATA! CL-697,1IC, 4

10

REFRACTIVE INDICES OF UOo(NOz)o SOLUTIONS

1.42
|.40 —

‘yollo0i 0y jO X8PU|

1.36

1.35
.34

.33

Weight Parcent
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Salt

Dop(M03)p
Dog(M03)p B0
Tog{ Wy ) . 20
Doy (W0y ) . 3a0
VOy(W0y)p . GH,0

DECLASSFED w0

7%

Boat_of Sslwiiom
(Project Basdvesk, ¢L-597, IIC, A1)

Q
Eeat of Beluticn

Nolscular
Nolght | Ome Nols Selt iw 220 Meles N0
Esal/sls 2.2.0. /45,

3.1 19 8.8
haz.1 u.t7 1.9
4%0.1 5.05 21.1
8.1 1.m 5.43
.2 -3.23 -18.8

(Rest evelved for pesitive Q)

Omesutration,
Yo% Wop(Wa)e

1.6

1B.»

2.7

n.7

3.1

3.7

9.2

Bugjial Presewres
(Projest Eumtbook, ¢1-697, 1IC, ¥.1)
Iertial Fresewre of 30, Madg
at 83°C. at 100°C,
™9,
23.0 ' .
795.1
T10.7
21.8
18.7
17.2

Diffusion Cosffisiemt at 20°C
(Project Bandbook, CL-697, IIC, h.1)

Diffusion Cosfficiemt

Comsentretion, into Veter st 20°C,,
¥4.5 Urentum Nitrete 6 -On. /Dy
b | 0.687
9.3 0.570
17 0.661
29.8 0.66k
8 0.670

For 0.b N D05(W03), at 18°C.:
(¥rom 1..T. 3. % (1909))
Diffusion inmte water) 0.55 sq.om./day
Diffusion into & N ENO3: 0.4k sq.cm./day

Preesing Poist Lovering
{Project Mamdbook, CL-697, IIC, b.1)

icilee ) I
0.9 Molar 2.967 5.93
k> 1.339 3.3

0.646 5.7
0.068% 0.329 5,26
o0.0m3 0.168 5.37
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'G/L. Aq

Uraonium Disfribution Rotio

ey

F 1
URANIUM!”ISTRIBUTION

COMPARISON OF SALTING AGENTS

B SOURCE OF DATA: CN-3525
ANNO,),
e CO(NO3)2
NH, NO,
| ] ] i 1 1 | | 1 |
0 [+ ] 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Fraction of Saturation Concentration at 25°C.
— 43—
NHNOs M
—_ 1 1 | 1 L 1 1 i | ]
0 0.23 0.5 0.78 1.0 1.2% 1.8 1.78 2.0 2.25 28
L 1 L L L i 1 1 1 } i 1

[} 0.5 1.0 1.% 2.0 2.5 30 3s 4.0 4.5 8.0 8.5
CO(N 0 3)2 _M_

ction ot 28°C.
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FIGURE T¥ - 3|
URANIUM NITRATE DISTRIBUTION
HEXONE-WATER-UOgp (NO3) o -AI(NO3) 3-HNO3 SYSTEM
sou

100
ao

60 1

40

20

+ mwoO

b
AL
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R
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Q1 ) 4
.008 T1Z -

008 : 4,

b,
004 A
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g
P

Q008
0008

0004 T T T

URANIUM NITRATE DISTRIBUTION RATIO, G/L.l Y

0002

,,A,TF - 4 - | 141 441

2 A 580 £ 4 6 RIC 20 40 €0N0I00 200 400 $00800 000
CONCENTRATION OF uoz(uos)a IN AQUEOUS PHASE, G./L.
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TABLE IV-32
URANIUM AND PLUTONIUM DISTRIBUTION RATIO — ACID-DEFICIENT SYSTRM(162)

?EKONE—UOQ( NQB )?"‘Al(_ I\{O 3 b-NagCrzO'z SYSTEM

o
A e bt gt . G,/L, Org,
queous Phase Composition, M Distribution Ratio, o
HNOE Al(NOQ)Q u}i-I(_)j" “mn}{ _E_‘,_g, Pu(VI}(a) 23, U(VI}{b)
"00197 O¢5 1-5"0 3015 - OCOI-'-S —
-0020 OQE 1'5'1 3. 15 0.021 00136
«0,18 0.5 1.55 2,98 0,026 0,016
=0,125 0.5 1,69 2,82 0,0L0 0,030
"'On 22 005‘ 3 ‘)_l. l. 65 N 0.0}J.o Ol 5?
-0,17 1,0 3,00 2,47 7% 1.11 —
0,0025 ~0,18 1,0 3,005 2.87“‘; 037 037
OQOES -Oll'? 1.0 3.05' 7 2.26 0526 0!36
0.1 -0 1l 1,0 3.20 2,30 - 0436 0,52
0,98 -0,18 1,0 ha96 ey ) 0.89 1,08
0.0 -0, 20 2.0 6,00 L 1.20 38,8 -
0.00046 ~0,16 2.0 8,00 1,15 18,2 33.4
0.00476 -0,19 240 6,01 1,12 11,7 20,7
04037 =17 240 6,08 1.09 7.78 15,6
O.h? -0.2? 2,0 6.9h 0.92 2.16 2.90
002 -0, 20{¢c) 1.0 3.2 2.2 0.38 0,60
1.1 ~0,20(c) 1.0 5.0 1.1 0,79 1,09
(a) Pu(VI) distribution determined in the presence of 0,05 M NagCrpOq.
(b) U(VI) distribution determined in the absence of NapCrp07 and Pu,
(e¢) Solutions made 0,20 M acid deficient by the addition of U03 instead of NaOH.
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FIGURE ¥~ 33
URANIUM_DISTRIBUTION
IA COLUMN SYSTEM
COMPARISON OF NEUTRAL AND ACID EXTRACTANTS

o

SOURCE OF DATA: ANL-4329

IAF: 2 M UOLINQa),

IAF:IAS:IAX = 1:1: 4

Acidic (0.2 M) Hexone

Neutral Hexone

0.1 0.2 0.3 0.4 0.5 0.6
Concentration of UO,INOz), in Aqueous Phase, Moles /Liter

031158%1030

¢€¢ - AT 34Nn914

00.81-MH
) R0

DAY



FLU-1£700
DECLAGSFED

THIS PAGE
INTENTIC:ALLY
LEFT be.. .

“&Q‘\_@S\‘\@

I




D | HW-—-%?%(;))
DECLASSIFIED

Fl A ,
URANIUM DISTRIBUTION
EFFECT OF TEMPERATURE

Concentration M./L. (Aqueous Phose)

1 lllllf%

Curve | Source
UNH |HNO3 [AI(NOg)3 | NeNO 3 |NegCrgOy
I |[a-2329 ] 0.2 | 0.0 1.8 0.0 0.0
2 |MmonN-319| 0.02] 0.48] 1.28 0.0 0.1
o o 3 |Hw-4448| 1.8 | 0.0 0.0 2.0 0.0
o< | 4 |wwnar? |4 04 0.0 oo 0.0
J|d s nmm'r 0.0 0.0
e 0 0.0 0.0
L
s k
a -
§ T
3
z
o
=1
J
- 3
= 4

Temperature, °C.

DECLASSIFIED sl



HU 16700
DECLASSIFIED '

THIS PAGE
INTENTIOA
LEFT b LLY “

DECLASSIFIED
b




‘ DECLASS'F’ ED mi-18700

URANIUM AND PLUTONIUM DISTRIBUTION

Aqueous Phase: 1.0 M A1(NO3)5, 0.0 M HNO,; and UO,(NO )2 eg listed, The
initial aquéous solution Zontained 5 $0°20 mg. Pu/liter
with 0.05 ¥ NagCrpO; used as the holding oxidemt for Pu(VI).

Parentheticel values are distribution ratics in correse-
ponding solutions in absence of impurity,

U0, (W0q), in Distribution Ratio,gaé%;_qrﬁs
Equilibreted G./L. Aq.

Impurity in Hexone Aqueous Phese, M U0, (N03)2 Pu(VI) Pa(Iv)
0.60 M acetic acid(a) 0,233 1.22% 1.066 ~--
= - (1.20) (0.89)
0.60 M acetic acid(a) - 0.096 1.1k 1.13 —
‘ (1.15) (0.59)
0.60 M acetic acial®) 0,003 1.013 1476 -m-
. : (0.96) (0.62)
o3 . . .y !3 ’:lr?t
37 g./1 dinitroisobut?n? 0482 & 1.059 0,679 0.257
+ 28 g.f1. diketone'P (1.18)  (0.82) (0.2h3)

Y
37 g./1. digiEroisobu?a?e 0.022 Y o 0.554% 0,514
+ 28 g./1. diketoneld ; (0.65) (0.47) (0.161)

. S
I R |

5 8./1. ethyl nitrolic acid 0,445 1,28 - 0.427

(1.18) (0.243)
5 g./1. ethyl nitrolic acid 0,003 0.589 0.966 0.160
(0.96) (0.62) (0.247)
10 g./1. oxime(¢) 0.448 1.19 ——— 0,294
(1.18) (0.243)
10 g./1. oxime(c) 0.002 0.99%  0.637 0.226

(0.961)  (0.62) (0.247)

() Aqueous phese equilibreted with respect to acetic acid.

(b} Methyl isopropyl :
{c) Alpha isonitrosomketone.
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COMPARISON OF FLOWSHEETS

SOURCE OF DATA: HwW-—14984, 15209, AND 10596

7
HW-No.4 LANL
Nal f
0.30 / //
/ /
2 0.25 4 /
&
,
Scrub Section| JORNL Ng.I /IHW No. 4
g Equilibrium Lines / ANU_|
]
-
£ 0.20 — / /‘
2| / /
=15 _/ .
o /
E & The ORNL EquitibriumLine Extraction Section
=8 —Hos Been Corrected To 7 Equilibrium [Lines—
£ 0.8 | Flowsheet Compositi /
o As Glven
s | /
£ 4
(o] / A Flowsheet Composition, M| |
¢ Zaf T w-Nas RNl AN
S / NH 20 20 20
o 0.10 } 7 r . —]
. [ 1) A |wno, -0.2 02 0.3 |
> d /[ | INaNo, o038 o038 —
; Nag Cry0, O.! 0.1 o.l
4
/ 143 |
0.08 » ANN 1.8 20 13
1 yan HNO, -0.2 -0.2 —
W r NaNOy 02 02  —| |
7 | |NayCr, Oy Q.0 0.0l — ]
o | F HNO, 0.2 — 0.5
0 003 0.10 0.15 0.20 0.25
Grams UNT

X, Gram Aqueous Phase (0Ona UNT - Free Basis)
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URANIUM EQUILIBRIUM
IA COLUMN SYSTEM
HW-NO. 4 FLOWSHEET

SOURCE OF DATA: UNPUBLISHED DATA OF HANFORD WORKS CHEMICAL
DEVELOPMENT AND CHEMICAL RESEARCH SECTIONS

0.30 l
/ . /
HER / ALY Y1/
/ ’ 7/
- A1 L |/
» 0.25
g A / /1 | 4
AlA Vi
S SRR RS REEN Y AR /
T 7 M. /
E 0.20 IM 1/ oA A /
= : { o,‘/
o - A
z(° / / / O
uS > ADAV.Avd
€ y A4
2| 8 / A
Ole
a 018 T /
2 -+ A 1A r
g - [V RNAV N AV.aY,
71T ¥V
S A |/
§ / // / Numaerals on curves refer
3 0.10 / / Vs to total equivalent ANN
. AN ALY concentration in IAW in g./1.
> /. W 1+ {Ig. NaNO3 <= 0.735g. ANN)
Z
"av /’, HW—No. 4 Flowshest Compositions
0.05 ///:// »d IAF: 2.0 M UNH, -0.2 M HNO3,
" el 0.38 M NaNO3, O.| M NapCr07
- -~
. < dEN IAS: 1.8 M'ANN, =0.2 M HNO3,
el 0-2M NaNO3, 0.01 M NapCrgOy
‘ | |IAX: Q.2 M HNOx, Hexone.
S EEREAREENEEEERREE

0 005 ol10 015 020 025
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o | ‘ HW—-18700

Gram Organic Phase{On o UNT-Free Basis)

Grams UNT

Y,

SG71

DECLASSIFIED  mieure xz-36

UBANIUM _EQUILIBRIUM
TA COLUMN SYSTEM

ORNL- NO.| FLOWSHEET

SOURCE OF DATA:!Unpublished Data of Hanford Works Chemical Development
ond Chemical Ressarch Sections,

! l l
T ;?/ ENEDEN)
o8 , ;?7 ViRy/Eauy,
":' _o’oi 4 /]
! / n/ RYARW,
i / / m | o /
~ /1 ¥ ho»_/
0.20 : AV m/
WAV |
AN VAN AU S ARV
A7 ARVARN
Ry Aav A 1/ RS
0.5 / g ] Numerals on curves
1 / / / Y | refer to total
‘ / /| :::'::l:::;fﬁ‘nnln TAW
[ AT o007
/ L / 1/ 1 /, j/ '-NGNOQGIO. 359.ANN)
0.10 / A AVANA '
/ /
. ALY ! B
i // -/ OR.N.L-No.I Flowshest Composition
1 // // w4y /// |/ IAF!2.0 M UNM,-0.2 M HNO,
0.05 A AN 0.) M NayCr, 0, 0.38M NaNO,
‘ ‘AN . IAS:2.0 M ANN,-0.2 M HNO3.
L - - 0.0 M NapCry04,0.2 M NaNO,
S A AA | IAX 05 M HNO,. Hexone o
Z#= 1 E l' ||
| i WK SO H , !
) 0.08 0.10 o8 0.20 0.25
Grams UNT

' Gram Agqueous Phase(On a UNT-Free Basis)
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[A COLUMN SYSTEM
ANL JUNE |, 1948 FLOWSHEET

SOURCE OF DATA: HW-10596
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o /
§
[
S A
E /f/
S 010 /] ,//
. /] ,,{/ Numerais on curves refer
> LAY to total equivalent ANN
,/:// ,,/// concentration in IAW in g./I.
W7/ 474
005 9% ANL June |, 1948 Flowsheet Conditions
i IAF: 20 M UNH, 0.3 M HNO3
O M Nap Cro0-
IAS: 1.3 M ANN
IAX! O5M HNQa, Hexone
o ANEEEEEREEER
(o] 0.0% 0.10 0.5 0.20 0.25
* Grams UNT

' Gram Aqueous Phase (Ona UNT - Free Bosis)
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URANIUM DISTRIBUTION

IC COLUMN SYSTEM
EFFECT OF HNOz CONCENTRATION

SOURCE OF DATA: HW-—I8773

| 48.9 Numerals on curves represent
5%]2 nominal HNO3 concentrations,
ond numerals on points represent
= actual HNO3z concentrations in
the aqueous phase in g./1.
AR
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| s 1o 7&?4
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i LEGEND
S 0 9./1. HNO3z in aqueous phase
A 20_25 [1] 1] L] H "
B 40_50 " 1] " " "
@ 67—79 “ " n " (1]
l 1 I | I hiotl } I | l ] —
0 100 200 300 500 600 700

Concentration of UQ sous Phase, Grams/Liter
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ram

FIGURE I¥ - 4
URANIUM EQUILIBRIUM
IC COLUMN SYSTEM
EFFECT OF HNO3 CONCENTRATION
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Pu(I[)DlsTrlbuhon Ratio, —Gft Oguggb(fs
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FIGURE V-42

PLUTONIUM (V) DISTRIBUTION
EFFECT OF UQO2ANQz)e,

HNOs, AND AlNO3)s CONCENTRATION

SOURCE OF DATA: HW-13760

-0.2 M HNO3
= 0.0 M HNO3
= 0.3 M HNO3
= 06 M HNOs

OB O x

HW-I18700

e

\‘
\ 2M AINOp)s

O.I(:ﬂ,
LA i1l l I T 1 ] 1 1 IQJ°¥‘11H 31’”1'?'4
O0lgY oi 0 100 100

Concentration of UQ(NOs)2 in Aquéfbus Phase, Grams /Liter
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